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1. The twelfth in a series of Army Science Conferences was held at
the United States Military Academy, 17-20 June 1980. The conference
presented a cross section of the many significant scientific and
engineering programs carried out by the Department of the Army and
provided an opportunity for Department of the Army civilian and mili-
tary scientists and engineers to present the results of their research
and development efforts before a distinguished and critical audience.
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2. These Proceedings of the 1980 Army Science Conference are a com-
pilation of all papers presented at the conference and the supplemental
papers that were submitted. The Proceedings consist of four volumes,
with Volumes I through III unclassified, and Volume 1V classified.
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3. Our purpose for soliciting these papers was:

a. To stimulate the involvement of scientific and engineering
talent within the Department of the Army.

e, 3%

b. To demonstrate Army competence in research and development.

c. To provide a forum wherein Army personnel can demonstrate the
full scope and depth of their current projects.

d. To promote the interchange of ideas among members of the Army
scientific and engineering community.

4. It is hoped that the information contained in these volumes will be

of benefit to those who attended the conference and to others interested
in Army research and development.
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DONALD R. KEITH

Lieutenant General, GS

Deputy Chief of Staff for Research,
Development, and Acquisition
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CASE STUDY USE OF EDITSPEC,
THE CORPS OF ENGINEERS
coM A C

INTRODUCTION. The Corps of Engineers has developed a
computer-aided specification preparation system known as
EDITSPEC. This system is being field tested at the Huntsville
Division. Corps-wide implementation is scheduled in December
1980. EDITSPEC resides on one national computer system. Users
access the system through typewriter terminals. Output is
received at the typewriter terminals, local medium-speed
printers, or central site high-speed printers. This paper
describes the benefits expected from application of the EDITSPEC
system, the guide specification process, and finally the method
used to prepare project specifications. A prototype test
description concludes the presentation.

BENEFITS. Several major benefits are anticipated when EDITSPEC
becomes fully operational. The estimated magnitude of these
benefits are listed below and will be verified during the proto-
type test.

1. Project specifications will be more complete, accu-
rate, and consistent when the contract is advertised.

2. The cost of construction change orders due to specif-
ication deficiencies will be reduced 40 percent.
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3. Specification writers’ production will increase 30
percent.

4. Typing production will increase 35 percent.

5. Total costs to produce project specifications will be
reduced 25 percent.

A more detailed description of the areas in which
EDITSPEC is expected to provide benefits is presented below.

CORPS OF ENGINEERS GUIDE SPECIFICATIONS (CEGS). Guide

specifications are used as drafts when preparing project specifi-
cations. Changes to the CEGS are issued as notices.

1. Maintained in EDITSPEC by the Huntsville Division. :
Individual offices will no longer have to maintain the CEGS. :

2. Reported errors will be corrected immediately.

3. Revisions to the guides will be available to field
offices immediately. There will be no printing and mailing
delays between the approval of a revision and its implementation

by field offices.

PROJECT SPECIFICATIONS.

1. The writer will be provided with a posted guide
specification. No resources will be required to post notices
prior to application on a project.

2. Technical notes, providing instructions regarding
specification preparation, will be printed directly after the
text to which the note applies.

3. Writers using a guide in project specification
preparation will be immediately notified of changes to the guide.

4. The writer will be provided with a project section
containing all relevant guide text. No resources will be
required to manually review and mark up the guide. The system
will automatically pull all relevant text from the guide and
place it into the project section.
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5. All referenced publications will be kept current and
updated automatically. No resources will be required to check
the reference publications for current listings.

6. The sources of all text will be identified. Minimum
management resources will be required to review and approve the
project-unique text in the specification.

7. A complete, consister.c, and accurate project specifi-
cation is produced at bid printing. Inconsistencies are reported
to the project engineer and must be corrected before the system
produces the bid printing copy.

CORPS OF ENGINEERS GUIDE SPECIFICATION (CEGS) PREPARATION FOR
AUTOMATION. This section describes how a guide specification is

prepared four automation. Portions of the Corps of Engineers
guide specification (CEGS) entitled "CEGS-07510 BUILT-UP ROOFING"
have been used to illustrate the process. Guide specifications
are written to cover the most frequently encountered design con-
ditions. An actual project desigh would not contain all design
conditions covered by a guide. The first task is to decide what
design conditions the guide will cover. The writer forms the
design condition list before any text is written. The 1ist for
the example guide is shown in Figure 1.

FIGURE 1. CHECKLIST--CEGS-07510--BUILT-UP ROQFING

C.= Concept Design F_= Final Design
Condition

Number Design Conditions

1 C F Contreol Condition (Required)

Built-up roofing substrate:
2 x Mineral-fiber, expanded perlite or fiberboard
insulation
3. X X Composite board, cellular glass, isocyanurate

or urethane insulation

4 X X Cast-in-place concrete
5 X v Precast concrete
[ Precast gypsum
1 X X Cast-in-place gypsum
8 X X Lightweight insulating concrete
Roof slopes:
9V X A1l slopes 1/2" per foot or less
10 X X All slopes greater than 1/2" to 1" per foot

a1 X X All slopes greater than 1" to 3" per foot
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12 X Combination of slopes including slopes 1/2" per
foot or less
‘ 13 X X Combination of slopes, all greater than 1/2" per
foot

Average January temperature:

14 Y 40°F and above

15 X X Below 40°F

16 X Gravel stops required
17 x Valleys required

18 v Cants required

19 ¥ ¢ Wood walkways required
20 X Composition traffic surfaces required
21 Vertical surfaces abut sloped roof surfaces
22 x Bitumen samples required
23 X X Light-colored aggregate is available and work is in
Air Force weather condition zones A or B
24 v Army or Air Force construction is not in the viecinity
of warmup/operating aprons. For work that is not in the
vicinity of warmup/operating aprons, the roof substrates
and slopes are as follows:
25 X X Concrete or insulation - all slopes 1/2" per foot
26 X X
27 x ¥

or less
Cast-in-place concrete - slopes greater than 1/2" per
ft
Precast concrete - slopes greater than 1/2" per ft
28 x Expanded perlite, fiberboard or mineral fiber
insulation ~ slopes greater than 1/2" per ft
29 X X Composite board, cellular glass, isocyanurate, or
urethane - slopes greater than 1/2" per ft
30 Vv ¢ Gypsum or insulating concrete - all slopes 1/2" per
ft or less
31 X X Gypsum or insulating concrete - slopes greater than
1/2" per ft

32 X X Air Force construction is in the vicinity of AF
warmup/operating aprons
For work in the vicinity of AF warmup/operating aprons,
roof substrates and slopes will be as follows:

33 X X Concrete or insulation - all slopes 1/2" or
less
34 X X Cast-in-place concrete - slopes greater than 1/2"
per ft
3% X X Precast concrete - slopes greater than 1/2" per ft
36 X x Expanded perlite, fiberboard or mineral fiber

insulation - slopes greater than 1/2" per ft
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37 X X Composite board, cellular glass, isocyanurate or
urethane insulation - slopes greater than 1/2"
per ft

38 X X Gypsum or insulating concrete - all slopes 1/2"
per ft or less

39 X X Gypsum or insulating concrete - slopes greater than
1/2" per ft

The second task is to form an outline. Once the outline
has been established, the writer can begin to prepare the text,
the third task. The fourth and one of the most important tasks
is to convey the writer’s ideas as to when each portion of text
should be pulled from the guide and placed into a project specif-
ication. While this task may be trivial if each paragraph
addresses only one design condition, it may be very complicated
if each phrase in a sentence is written to address a different
condition.

The writer must convey this information as quickly and
efficiently as possible. For automation, this information is
conveyed by marking the handwritten text. The contents of a
guide can be divided into three classifications: (1) tables, (2)
variable phrases, and (3) normal text. The method for marking
text for each classification is presented below.

Tables - The writer must indicate under which design con-
ditions each column and each row should be pulled from the guide
and placed into the project specification. This information is
indicated by writing the numbers of each design condition that
would require use of the row to the left of the row. For
columns, the writer indicates the design conditions by placing
them above the columns. An example table is shown in Figure 2.
The writer has indicated that portions of row four would be
required only if the project contained one or more of design con-
ditions 25, 26, 27, 28, or 29 and that portions of column three
would be required only if the project contained design condition
1.

TABLE 1. LAPS FOR ROOFING FELTS AND ROLL ROOFING

Nol ) 0!
LAYERS LAPS IN INCHES FOR STARTING WIDTHS IN INCHES
OR PLIES 36-INCH WIDTH FOR 36-INCH WIDTH
1 4 36
36)39) 2 19 18 and 36
5
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1 3 24-2/3 12, 24, and 36
GRNCT) 4 27-1/2 9, 18, 27 and 36
289
EIGURE 2, MARKING TABLES
Variable Phrasegs ~ Guides contain phrases that vary

depending on the design conditions. Phrases are normally, but

not necessarily, marked in the guide by the use of open and close

brackets ({ ]). There is usually a fixed set of replacement
phrases for each variable phrase. For automation, each variable
phrase in the text is marked with a flag and each unique flag is
given an identifier number. All possible choices for a flag
(phrase) are defined in the order of the simplest to the most
complicated. The writer marks the design conditions for each
phrase to the left of the phrase definition. In the example
shown in Figure 3, the unbracketed phrase "Concrete or Insula-
tion" is marked as a variable phrase and identified as flag 7.
The three choices for flag 7 are shown below the text. The
writer has indicated that choice two, "Insulation," should be
applied if design condition 2 or 3 is present in the project.
Choice three, "Concrete or Insulation,"™ should be applied if any
of the design condition pairs 2 and 4, 2 and 5, 3 and 4, or 3 and
5 are in the project.

4.1.2 On *FL7; $ Concrete or Insulation*-Surfaces:
Four plies of 15-pound asphalt-saturated felt
shall be mopped in solid with hot asphalt.
Felts shall be la'd shingle-fashion at right
angles to the direction of the roof slope and
lapped in accordance with Table I/*FL8; $ and
fastened in accordance with Table II, III/*-.
The flashings shall be installed and the flood
coat and surfacing applied.

FLAG 7

Choice 1 - Concrete
2 - Insulation

88 3 - Concrete or Insulation

EIGURE 3. MARKING FLAGS
6
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Normal Text - When the text to be marked is several lines
long, a bracket at the left margin can be used to indicate the
text. The example in Figure 4 shows that the text should be
pulled if design condition 1 is present in the project. When the
text to be marked is only a few words long, the design condition
numbers are written above the text., A slash and a dash are used
to indicate the start of the phrase and a dash and a slash are
used to indicate the end of the phrase. The first line of the
example in Figure 4 indicates that the phrase "or coal-tar bitu-
men" should be pulled if the project contains either design con-
dition 25 or 30.

©

2. GENERAL: Asphalt /“or coal-tar bitumen 7 built-up roofing
Shall be applied to the roof surfaces indicated.

2.1 Storage of Materials: Felts and roll roofing shall not be
exposed to any moisture before, during, or after delivery to the
site. Felts and roll roofing shall be stored in an enclosed
building or in a trailer, stacked on end, and maintained above

OOF for 24 hours immediately before laying. /’Zggregate shall
be maintained surface dry as defined by ASTM D 18637

FIGURE 4. MARKING TEXT LINES

The marked-up text and the design condition list are
given to an EDITSPEC operator, who enters the text and translates
the markings to computer commands. The operator removes the
actual text of each referenced publication and replaces it with a
computer command requesting that this information be copied from
the master reference publication list only when a print request
is issued. This permits the master reference publication list to
be maintained at one location and ensures the inclusion of the
latest publication within the guide.

Since changes are made directly within the guide, elim-
inating the need for pages which must be posted by field person-
nel, changes are immediately available to all field personnel! in
posted form. When changes are made to a gulide, the operator
issues an "update message" command, The EDITSPEC system sends
one update message for each project currently applying the guide.
The project specification writer will receive the message as soon
as he enters EDITSPEC.

o e -
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Errors within a guide found by field personnel are ]
! reported by telephone to the EDITSPEC "HOT LINE." Immediate

action will be taken by the HOT LINE personnel to correct the

reported errors.

The commands to create the first page of guide CEGS-
07510.00 are shown in Figure 5. The "NEW" command creates a
document named "CEGS07510.00"™ on a dataset (or file) named
“data." The "EDIT" command allows the document to be edited.
Text is entered into the document through the "INPUT" command. .
Internal format commands have been embedded into the text for !
center (%cj---%), left (®*1j---#*), and right (®*rj---%*) justifica- 3
tion of text during printing. Commands to skip lines (%#s1%*) and f
to perform automatic paragraph numbering and indentation (¥pl#) F
have also been added. Reference publications are added by the 2
"COPY TABLE NO MOVE" command. The first copy table (ct) command .
requests that the publication located on row 54 of the table 100 f
in the reference publication list named "referencepub" be copied e
into the guide only when a print request is given. The "ct" com-
mands generate the "#ct*" commands shown on lines 1600 through
3100 of the listing of the text. Note that the actual text for
the publication is not copied, but a request for a future copy is
stored in the correct location in the guide. N

FIGURE 5. UIDE GENERATI MMAND

.new (cegs07510.00); data. !
.edit (cegs07510.00). ¥
.input. vl
#1j DEPARTMENT OF THE ARMY#® #1g(-11) CEGS-07510% %s5]% }“
#1j OFFICE OF THE CHIEF OF ENGINEERS* *#u¥* #]3j(-11) July 1977% '
#13(~11) Superseding® %si* !
$13(-11) CE-220.12% %3]% |
%03 Notice 3% #3)% y
#cj May 1979% #s)1% |
#cj CORPS OF ENGINEERS GUIDE SPECIFICATION® #3]1% j
%cj MILITARY CONSTRUCTION® #siy# L
®#cj SECTION #f11% # #g5]11% H
#c3j BUILT~UP ROOFING®* #*31% !
®tc 1; ®pl* APPLICABLE PUBLICATIONS* : The publications listed i
below form a part of this specification to the extent referenced. "
The publications are referred to in the text by the basic designa- 1
tion only.

#p2# Federal Specifications (Fed. Spec.): #sl|%

#tb 250%

.ct (referencepub); 100;;;54;1,2;nm,

;
!
| ;

a2

e N il
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.ct (referencepub); 100;;;78;1,2;nm.

.input,

T

#p2#%* American Society for Testing and Materials (ASTM) Publications: "
*th 250% .
.ct (referencepub); 200;;3;21;1,2;nm. ot
.ct (referencepub); 200;;;25;1,2;nm. |
.ct (referencepub); 200;;;26;1,2;nm.

.ct (referencepub); 200;;:38;1,2;nm.

.ct (referencepub); 200;;;42;1,2;nm.

.ct (referencepub); 200;;;10;1,2;nm.

.ct (referencepub); 200;;;11;1,2;nm.

.ct (referencepub); 200;;;15;1,2;nm.

.ct (referencepub); 200;;;15;1,2;nm

.ct (referencepub); 200;;;28;1,2;nm

.ct (referencepub); 200,,,29,1,2,nm

.input.

Rl

#tc 1; #pl* GENERAL* : Asphalt
or coal-tar bitumen
built-up roofing shall be applied to the roof surfaces indicated.
1 .1t text. ¢
100 *1j DEPARTMENT OF THE ARMY® #]1j(-11) CEGS-07510% #g1# :
200 *1j OFFICE OF THE CHIEF OF ENGINEERS* #u# #]4(-11) July 1977% '
300 *1j(-11) Superseding® #s1% i
40O *1j(-11) CE-220.12% #g1#%
500 *cj Notice 3% #g]#%
600 %cj May 1979% #s]11#%
700 ®*cj CORPS OF ENGINEERS GUIDE SPECIFICATION® #s1%
800 ®*cj MILITARY CONSTRUCTION® #s14#
900 ¥cj SECTION #f11% #s11#% i
1000 *cj BUILT-UP ROOFING® ¥%31% 1
1100 %*tc 1; %pl™ APPLICABLE PUBLICATIONS* : The publications listed
1200 below form a part of this specification to the extent referenced.
1300 The publications are referred to in the text by the basic

designation only.
1400 *p2* Federal Specifications (Fed. Spec.): #sll#
1500 *tb 250%
1600 *ct (referencepub); 1;5U4;1,2;100%
1700 *ct (referencepub); 2; 78;1,2;100%
1800 *toe*
1900 *p2* American Society for Testing and Materials (ASTM)

Publications:

2000 *tb 250%
2100 *ct (referencepudb); 3;21;1,2;200%
2200 %*ct (referencepub); 4;25;1,2;200%
2300 *ct (referencepub); 5;26;1,2;200%

[ R
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2400 *ct (referencepub); 6;38;1,2;200%

2500 *ct (referencepub); 7;U42;1,2;200%

2600 *ct (referencepub); 8;10;1,2;200%

2700 *ct (referencepub); 9;11;1,2;200%

2800 ®*ct (referencepub); 10;15;1,2;200%

2900 *ct (referencepub); 11;19;1,2;200*

3000 ¥ct (referencepub); 12;28;1,2;200%

3100 ®*ct (referencepub); 13;29;1,2;200%

3200 #ee®

3300 *tc 1; ®pl* GENERAL® : Asphalt

3400 or coal-tar bitumen

3500 built-up roofing shall be applied to the roof surfaces
indicated.

.upda (cegsmastersp); (a new guide 07510.00 has been issued.)

F - P F . It is often
advantageous for a Corps office to tailor an CEGS guide or a por-
tion of the guide for local geographic and/or climate conditions.
The tailored text is applied to produce project specifications in
lieu of the original guide. When a complete guide is tailored,
it is stored in its entirety under an office guide name. For
example, if Huntsville Division (Corps office B87) tailored guide
cegs 07510.00, the name of the tailored guide would be
87GS07510.00. When only a few lines of text requires tailoring,
the tailored text is the only text stored in the document. For
example, the Huntsville Division could tailcr only the paragraph
"APPLICABLE PUBLICATIONS" to read:

APPLICABLE PUBLICATIONS: The following publications
of the issues listed below, but referred to thereafter
by basic designation only, form a part of this specifi-
cation to the extent indicated by the references
thereto:

PRQJECT SPECIFICATION PREPARATION

GENERATION. Preparation of a specification begins by
obtaining the master guide specification index and marking the
index to indicate those guides that will be used for the project.
The marked index is given to an EDITSPEC operator, who enters the
gelections and obtains a design condition 1ist for each guide
gpecification that has been selected. This design condition list
contains all design conditions covered by the guide. The specif-
ication writer is provided with the design condition checklist
and a fully posted copy of each guide, if requested. The writer
reviews the design and marks the checklist as follows:

10
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1. Checks ( ) the design conditions that are in the pro-
ject.

2. Marks (X) the design conditions that are got in the
project.

3. Leaves design conditions that are currently undecided

unmarked.

A concept design example is shown in Figure 6. The
marked checklist is given in the concept column of Figure 1,

CONCEPT DESIGN EXAMPLE

Design Criteria:
Location: Lone Star AAP, Texarkana, Texas
Building No. 1: u40° x 60  roof area
Average roof slope of 1/4 inch per foot
Precast gypsum roof deck
Cants and wood walkways required
Parapet walls and gravel stops not required

EINAL DESIUN EXAMPLE

Design Criteria: The following buildings have been added to the
project:
Building No. 2: 60" x 90° roof area
Average roof slope of 1 inch per foot
Steel deck with fiberboard insulation
Parapet walls, valleys and grave! stops required
Building No. 3: 60° x 90  roof area
Average roof slope of 2 inches per foot
Precast concrete roof deck
Parapet walls, valleys and gravel stops required
Composition traffic surface

5 PT_AND FINA S1g

The writer decides which office-tailored guide specifica-
tion sections are to be applied in lieu of and in addition to the
CEGS guides and which office-tailored text is to be used instead
of portions of the CEGS guide text. Handwritten notes to the
EDITSPEC operator are prepared defining the required replace-
ments. In the example, the paragraph titled "APPLICABLE

11
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PUBLICATIONS" is to be replaced by the text of document
87GS07510.00.

Project-unique text is written to cover design conditions
not covered by the CEGS or office guides. Each segment of
project-unique text is marked as to its final location in the
project specification. The writer actually marks the location in
the guide that the project-unique text would logically appear if
it were incorporated into the guide. In the example, the para-
graph titled "GENERAL" is to be modified to read

"GENERAL: Asphalt built-up roofing shall be applied
to the roof surfaces indicated. Materials and their
application to the built-up roofing system shall con-
form to requirements of Factory Mutual and the require-
ments specified herein to provide an approved Class I-
90 roof."

The EDITSPEC operator is given the completed design con-
dition checklist, the tailored office guide replacement instruc-
tions, and the project-unique text. The operator enters the com-
pleted checklist and issues the "GENERATE" command, which causes
the system to generate a new project section and add commands to
copy the required guide text to the project. These commands are
performed only when a print request is given. The operator edits
the project section and inserts the replacement request and the
project-unique text. Following a logic check command, the system
checks the text to insure that it is logically correct, complete,
and does not include extranecus material. An example generation
is shown in Figure 7.

.spec (87p207510.00); a; 1, -2, =3, -4, -5,
. 6v ‘71 "81 9v "10) "11, '12, '13) “’h
. =15, =16, =17, 18, 19, -20, -22,
. =23, 24, -25, -26, -27, -28, -29,
307 "311 '32r '33' ‘3“7 '357 "361 "37’ '38) '39

.generate (87p207510.00); (cegs 07510.00); dsguo?; 1; O.
.edit (87p207510.00).

.1t text.

100 *co (cegs07510.00); -100; 900-1000%

200 ®co (cegs07510.00); -200; 1100-1300%

300 ®co (cegs07510.00); -300; 1400-1500%

400 %ct (cegs07510.00); -400; 1,2;1,2%

500 *co (cegs07510.00); =-900; 1800-2000*

600 *ct (cegs07510.00); -1000; 1,2,6,8,10;1,°%

700 ®co (cegs307510.00); =2100; 3200-3200%

12
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800 *co (cegs07510.00); -2200; 3300-3500%
.change 200; /co/; /cu/.

.copy (87gs07510.00);;200;10;nm.

.change 800; /co/; /cu/.

.input 800; 10.

¥rc 1; #pl#

GENERAL¥*: Asphalt built-up roofing shall be applied to the roof
surfaces indicated. Materails and their application to the built-up
roofing system shall conform to requirements of Factory Mutual and
the requirements specified herein to provide an approved Class I-90
roof.

.le.

.1t text.

100 ®*co (cegs07510.00); -100; 900-1000%
200 *cu (cegs07510.00); =-200; 1100-1300%
210 *co (87gs 07510.00); 1%

300 *co (cegs07510.00); =-300; 1400-1500%
400 *ct (cegs07510.00); -400; 1,2; 1,2%
500 *co (cegs07510.00); =-900; 1800-2000%
600 *ct (cegs07510.00); -1000; 1,2,6,8,10; 1,2%
700 *co (cegs07510.00); -2100; 3200-3200%
800 *cu (cegs07510.00); =-2200; 3300-3500%

810 %*tc; ®pl* GENERAL®*: Asphalt built-up roofing shall be
applied to the roof surfaces indicated. Materials and their
application to the built-up roofing system shall conform to
requirements of Factory Mutual and the requirements specified
herein to provide an approved Class I-90 roof.

FIGURE 7. PROJECT GENERATION COMMANDS

UPDATING. Updating may be caused by a project redesign,
a more detailed design, and/or guide specification changes. The
process begins by reviewing the previous design condition check-
list and preparing an updated checklist. The project-unique text
and office guide references are reviewed and corrected if neces-
sary. All materials are given to the operator, who enters the
changes to the design condition checklist and issues the "UPDATE"
command. The system then obtains the latest copy of the guide,
the current updated project checklist, and the outdated project
specification section. The section is rewritten to comply with
the updated items automatically. The operator edits the section
changing the replacement requests and project-unique text as

13
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required. A logic check command is issued to insure the project
specification completeness. An example of an updated design is
shown in Figure 6. The updated checklist is shown in the "final"
column of Figure 1. The commands issued are shown in Figure 8.
No changes to the guide references nor project-unique text is
required.

A comparison of the *ct* command on line 600 of the con-
cept and the final design project specifications shows that the
publications to be copied from the reference publication document
for the concept design (i.e., rows 1, 2, 6, 8, and 10) have been
automatically changed to reflect the change in the final design
(i.e., rows 1 through 11).

When all project sections are complete and the project is
ready for printing, the operator issues the print project command
(PPRO). The system will automatically obtain the latest refer-
ences and latest guide text, automatically paragrpah and paginate
correctly, and print complete project.

.spec (87p207510.00); ¢; 2, 5, 6, -9, 12, 14, 16, 17, 20, 21, 22,
27, 28.

.update (87p207510.00); (cegs07510.00); dsguo2; 1; O.

.edit (87p207510.00).

.lc.

.1t text.

100 ®*co (cegs07510.00); -100; 900-1000*

200 ®*cu (cegs07510.00); -200; 1100-1300%

210 *co (87gs 07510.00); 1%

300 *co (cegs07510.00); -300; 1400-1500%

400 *ct (cegs07510.00); -400; 1, 2; 1, 2%

500 *co {cegs07510.00); -900; 1800-2000%*

600 *ct (cegs07510.00); -1000; 1,2,3,4,5,6,7,8,9,10,11; 1,2%

700 %co (cegs07510.00); -2100; 3200-3200%

800 *cu (cegs07510.00); -2200; 3300-3500%

810 %*tc; ®pl* GENERAL*: Asphalt built-up roofing shall be
applied to the roof surfaces 820 indicated. Materials and their
application to the built-up roofing system 830 shall conform to
requirements of Factory Mutual and the requirements 840 specified
herein to provide an approved Class I-90 roof.

8. ROJEC ATE COMM
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PROTOTYPE TEST PROCEDURE. All Corps Military Construc- b
tion guide specifications and the master reference publications :
list are loaded in the data base and EDITSPEC is being tested at !
Huntsville Division. The purpose is to verify the expected bene-~
fits. Detailed time and motion records will be kept on four
basic functions:

1. Updating Guide Specifications -- Huntsville maintains ;
the Corps guide specifications on EDITSPEC. i

2. roject ecificati reparation Via Machines
-~ Huntsville will produce the complete project specification for
one project using their current method of specification prepara-
tion, IBM magnetic tape/selectric typewriter machines.

3. Project Specification Preparation Via EDITSPEC -
Manual System. The same project specification will be produced
using EDITSPEC as a normal text editor.

4, Project Specification Preparation Via EDITSPEC -
Automatic System -- Several sections from the same project will
be produced using the automatic generation capabilities. The
complete project specification cannct be automatically produced
since all required CEGS guides have not been coded for automa-
tion.

PROTOTYPE TEST RESULTS AND EVALUATION. Preliminary
evaluation will be conducted in June 1980. Final evaluation will
be conducted in August 1980. The Assistant Secretary of the Army
will review the prototype test results. If the test is success-
ful, field implementation will begin in December 1980.

15
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A COMPARISON OF NAVIER-STOKES COMPUTATIONS WITH
EXPERIMENTAL DATA FOR A PROJECTILE SHAPE AT TRANSONIC VELOCITIES

CHARLES J. NIETUBICZ, Mr., and LYLE D. KAYSER, Mr.
U.S. Army Ballistic Research Laboratory
Aberdeen Proving Ground, Maryland 21005

I. INTRODUCTION

The in flight characteristics of an artillery shell are of
major importance to the shell designer, ballisticion and ultimately the
artillery field commander whose mission is deployment of timely and
accurate fire power. The aerodynamic properties of artillery shell,
such as pitching moment, Magnus moment and drag are critical to the
stability of shell which in turn significantly affects accuracy and
time of flight. The capability to determine thc acrodynamics of shell
is required over a wide range of flight regimes since, depending on
initial launch velocities, artillery shell are subject to subsonic,
transonic, and supcrsonic flight. Projectile acrodynamics over these
various flight regimes have becn found, in some cases, to change by an
order of magnitude. The solution techniques utilized must thercfore
be capable of computing these chuanges.

A concentrated theoretical and experimental research program
has been ongoing at BRL in order to develop the predictive capabilities
required for determining projectile aerodynamics. Supersonic
computations using combined inviscid floY field and boundary layer
techniques have been developed by Sturek'!’, et al., for cone-cylinder
and ogive-cylinder configurations. Recent results have been obtained
in supersonic flow over a typical boattailed projectile by Schiff and
Sturek ‘2’ using modern computational techniques for solving the thin-
layer Navier-Stokes equations,

17
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(I?viscid transonic computational results have been obtained
by Reklis‘? et al., for a sccunt-ovpive-coylinder-voattail shape.  The
inviscid techniques give good results for pitch plane acrodynamic
coefficients at small angle of attack. However, this technique lacks
the ability to include viscous etffects at transonic speeds and thus
compute the Magnus effect on projectiles.  Techniques which have been
applied in supersonic flow for combining inviscid and boundary layer
methods have not been fully established for transonic flow. These
methods, which have shown good results for ogive-cyiinders in
supersonic flow at low angle of attack, are not accuratc in modeling
the severe flow expansion in the vicinity of surface discontinuities
such as those that occur at the cylinder-boattail junction.

The solution of the thin-layer Navier-Stokes equations, which
allows for the simultaneous computation of the inviscid and viscous
regions, eliminates the need for matching two different solutions.
Additionally, since all three momentum equations are retained, the
ability to compute in regions of separated flow is achieved. This
paper describes the governing three-dimensional thin-layer Navier-Stokes
equations used for computing flow over projectile shapes at angle of '
attack. Secondly, the generalized axisymmetric formulation uscd for :
computations at o = 0° will be described. A description of the ‘
numerical algorithm and results will follow. Experimental and
computational results will be presented for a secant-ogive-c¢ylinder-
boattail projectile shape at « = 0° and o = 2°. Computational results
will also be shown for a ring airfoil shape thus demonstrating the
general geometry capability of the present numerical scheme.

IT. GOVERNING EQUATIONS

The general three-dimensional thin-laver Navier-Stoles
equations, used for all cases where o = 0°, are described in Section Ila,
The thin-layer generalized axisymmetric equations, which are a special
case of the 3-D ecuations, are described in Section 11b.,

a. Three-Dimensional Equations

The transformed three-dimensional thin-layer Navier-Stokes
equations in)non—dimcnsional and strong conscrvation law form arc
written as‘“

e o .
+ :+ 4 I = A
BTq d{L anl + acu Re ots (13}

2

where gencral coordinate transformations
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The velocities

U = gt + Cxu + gyv + Ezw
V = nt + nxu + nyv + nzw (2)
W =

Ct* CxU + EyV + CZW

represent the contravarient velocity components.

The Cartesian velocity components (u,v,w) are retained as the
dependent variables and are nondimensionalized with respect to a_ (the
free stream speed of sound). The local pressure is determined using
the relation

p=(y - e~ .50W? +v? + w?)) (3)

where y is the ratio of specific heats, density (p), is referenced to
o, and total energy (e¢) to P, a, 2, Ihe additional parameters are (k)
the coefficient of thermal LOﬂdULthIty, (1) the dvnamic viscosity,
(Re) the Reynolds number, (Pr) the Prandt]l number, and {()) which
through the Stokes hypothesis is (-2/3)u.

The metric terms 2‘, Ny and Cx are formed from the derivatives
xg, yg, z., etc., and together with the Jacobian of the transformation

S
allow for computations to be performed for variable body geometries,

The "thin-layer" upproximaticn(“_7) used here requires that
all body surfaces be mapped onto & = constant planes and that Re >> 1.
Essentially, all the viscous terms in the coordinate directions (here
taken as £ and n) along the body surface are neglected while terms in
the ¢ or the ncar normal direction to the body are rctained. This
approximation is used becausc, due to computer speed and storage
limitations, fine grid spacing can only be provided in one coordinate
direction (usually taken as the near normal direction) and the grid
spacing available in the other two directions is usually too coarse to
resolve the viscous terms., For the type of problems currently under
investigation, i.c¢., projcctiles at low angles of attack, with no strong
cross-flow separation, these approximations are considered valid.

b. Generalized Axisymmetric Equations

The thin-layer generalized-axisymmetric equations are obtained
from the three- dlmenslonal cquations by making use of two restrictions:
(1) all body geometrics are of an axisymmetrie type; (2) the state
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variables and the contravariant velocities do not vary in the

circumterential direction. In what follows, the anr term of Eq. (1)

shall be reduced to the source term of the generalized axisymmetric
equations.

A sketch of a typical axisyvmmetric body is shown in Figurce la.

. In order to determine the circumfer-
é(g\<? ential Yurlatlon of typlca} flow and
%/77\ ? geometric parameters, we first
k! establish correspondence between the
~— inertial Cartesian coordinates (x,v,z)
‘=::N§‘HANE (to which the dependent variables are
" referenced), the natural inertial
cylindrical coordinates (x,¢,R), and
R N ¢ the transformed variables (£,n,z).
= The choice of the independent
X variables £, n, £ is restricted, as
$ 2 SINST PLANE . . .. S o }
) shown in Figurc lc, insofar as n must
N LT f.e., ¢ = Cn (where Cis a

constant). From the views shown in
Figure 1, the relationship between the
coordinate svstems are obscerved to be

Cn

e
"

x = x(£,0,1)

B

(4)

e
H

R(f,c,1)sing

t
i

R(%,5,1)cosy

where ¢ = ¢ (1) and the Cartesian and cylindrical coordinates are
related in the usual way. Note that x and R yire general functions of
only £, 7, and 7.

Evaluating the metric terms given the above assumptions and
substituting in Equuti?n)(ll the resulting thin-laver generalized
. . - o -
axisymmetric cquations®’’ can be written as

: . " _ 1 -
éTq + &ﬁL + JCh + H = Re an (5)

where
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0 -

0
= ~1 A7

=07l | VIR U-) + R (H-c ) (6)

-oVR¢, (V-n) - p/ (R, )
i 0 /

is the resultant source term which has replaced anF of Equation (1)

Equation (5) contains only two spatial derivatives but does

retain all three momeatum cquations thus allowing a degrec of generality

over the standard axisymmetric equations. In particular, the
circumferential velocity is not assumed to be zero allowing then
computations for spinning projectiles or swirl flow to be accomplished.

The numberical algorithm used for both cquations (1) and (5)
is a fully implicit, npproxiTusely factored finite difference scheme as
analyzed by Beam and Warming *® The algorithm for Equation (1)
written in the delta form is

N 1o o °n -1 )
S - . VoV _Jd - . .
(r+ h(rx zll \E\ﬁ J(1 o+ hénB cll V”an)x
(0 s c™ - ke Ve g - 0Tl vy ™Y - g™
¢ 8 1 [ -
(7
N ¢ N on

v 5ot Re™ls s7)

- -1 SR . vARy) 2 7 O 2 “n
zli.l [(\},'&{.) + (»”x”) + (VC\C) 1.Jq

wheve the 3's are central difference operators, A and ¥ are forward or
backward difference operators; h = At corresponds to Euler implicit
first-order and h = At/2 to trapezoidal scecond-order time accuracy.
The scheme can be tirst or second order accurate in time and second or

fourth order accurate in space. A similar algorithm can be written for
Bquation (5) as
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n - -1 . ‘n _ -1
(I + h6€A eIJ VEYEJ)(I + hGQL eIJ VQVEJ

~

- hRe-lch-anJ) < ("o g - -at(s £ + GCGn

(8)

-1 20 ,n
A I.(vgvﬁ) 1Jq

Re ls sMy-aer®
Re™ls s™)-atit” - e

Notice that the second factored terms of Equation (7) has been reduced

to the term AtH" and appears on the right hand side of Equation (8).
The details of the numerical method, algorithm and boundary conditions
for each formulation can be found in References (4) and (5) respectively.

[IT. MODEL GEOMETRY AND EXPERIMENTAL MEASUREMENTS

The ogive-cylinder boattail shape used for this study closely
resembles a modern low-drag artillery projectile and can be seen in the
pressure coefficient plot of Figure 2. The model has a three caliber
ogive, a two caliber cylinder, and a one caliber 7-degree boattail;
the model length is 343mm and the diameter is 57.2mm.

Several wind tunnel cxperiments have been conducted for this
model geometry in order to obtain data for comparison to numerical
computations. Experimental data used for comparison in this study are
boundary layer profile measurements obtained at the Naval Surface
Weapons Center (NSWC), White Oak Laboratory and surfacc pressure
measurements obtained at the NASA Langley Research Center.

Boundary layer data were obtained in the NSWC Tunnel No. 2
which has an open jet test section with a nozzle exit size of
40.6 x 40.6 cm. Data were acquired at Mach = 0.908 with a supply
pressure of one atmosphcre and a supply temperature of approximatcly
320°K; these conditions give a Reynolds number of 4.5 x 10° based on
model length. The NSWC Laser Velocimeter used to measurce the boundary
layer velocities is commonly referred to as a forward scatter.
differential Doppler or "fringe" system and is described in Reference
(9). Previous boundary layer mecasurcments at Mach = 3.0 obtained by
both laser velocimeter and by impact probe measurements showed good
agreement. The present Mach = 0.908 profiles, however were not as
consistently smooth and uniform as the Mach 3 profiles described in
Reference (10).
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Surface pressure measurements were obtained in the NASA
Langley 8 ft Pressure Tunnel with supply pressures and temperatures of ‘
one atmosphere and 320°K respectively. The model was instrumented
with pressure taps at 15 longitudinal stations. Data were acquired {
at Mach numbers of 0.91 to 1.20, angles of attack from 0 to 10 degrees,
and for circumferencial positions by rolling the model in 22.5 degree
increments.

IV. COMPARISONS BETWEEN COMPUTATION AND EXPERIMENT Y
Computations have been obtained on the same secant-ogive- ;}
cylinder boattail (SOCBT) shape used for the experiment. The 3-D 4
Navier-Stokes equations were used for o > 0° and the generalized I
axisymmetric formulation for a = 0°. Computational results have been f

obtained for a ring airfoil shape which show an interesting shock
pattern being developed as a function of Mach number. }

a. Secant-Ogive-Cylinder-Boattail, o = 0°

A computational finite difference mesh of 78 longitudinal
points by 50 normal points were used for these calculations. For the
experimental test condition of Mach = 0.908 the surface pressure ,i
coefficient, C) is shown as a function of axial position in Figure 2.

} The computational results,

0.2+ P indicated by the solid line are
] S shown to be in good agreement with
0.0 wieR siges »> the cexperimental results. The flow
] expansion (decrease in Cp) and
<.2- subscquent shock (increase in Cp)
e, E can be scen occurring near the
4] ; nosc-covlinder and cylinder-boattail
| : junctions. An accurate computation
i ﬂ of the pressure distribution is
0 important since it is the
7 integration of surface pressures
< s4Frr e, which are primarily used to
o ' : } ‘ s * determine the aerodynamic

w?
FUWRAE 1. CIPCRIMENTAC AND ‘WEIREICAL weaRism F ueface veeisee COC fficients.
COEFFIZIENT S0R ST, # « 3 R

Increasing the Mach number to M = 0.96 (Figure 3) shows the
movement of shock position, which is typical of transonic flow,
Again the experiment and computations show good agreement with the
exception of the boattail region. This discrepancy is attributed to
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FIGURE 4, MACH CONTOURS AT M - 96 FOR SOCBT, o - 0.0

inadequate grid resolution in the vicinity of the shock. A more
detailed look at the computed shock position can be scen in Figure 4
(above) where Mach contours have been plotted. The coalesence of the
Mach lines represent the position of the shock and regions of subsonic
and supersonic flow are identified.

The accurate determination of aerodynamic coefficients is
extremely important throughout the transonic regime since the
magnitude of the coefficients can change by as much as 100% in this
area. A serics of computations were obtained from M = 0.8 through
M = 1.1 and the surface pressures were integrated to determine the
acrodynamic wave drag. The results are shown in Figure 5 together with
the experimental data. Excellent
agreement is shown for both the
‘”? X s drag rise and magnitude of the
] x ° zero yaw drag, CD , in the
o 0
) NS critical Mach number regime.

M0 YA DRAG
e
a
1.
°

(-] EXPERIMENTY
X x WAVIER STOKES

d
22 aal s a2

e
8

rrrr(ﬁr|r]‘rtxv,l“r—tI|Y|T]
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WoH MPBER

. FISURE S, ZERO YAW ORAG FOR SOCBT, o « 9 "HEORY
ANO EXPERIMENT
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The dynamic stability of shell is one area of concern when
designing new shell or modifying existing ones. The Magnus moment,
which affects the dynamic stability, is a viscous phenomena. Therefore
an accurate representation of the viscous portion of the flow field is
crucial to computing the Magnus moment. As an initial attempt to look
at the boundary layer in transonic flow, with its associated shock
interaction, computations were performed at M = 0.908, o = 0° and
comparison of computational velocity profiles with experimental profiles
were made; an example of this comparison is shown in Figure 6. The

Navier-Stokes result is the

'8 « o e solid line and the circles are
a0 the experimental results.
50 Although the computational and
EXPERIMENT

experimental velocity profiles
are not in particularly good
agreement, the shape of the
computed profiles is seen to be
o characteristic of a turbulent
/o boundary layer. A power law
velocity profile, characteristic
of turbulent flow, is included
for comparison.

— NAVIER STOKES
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FIGURE 5 ELUCITY PROFILES 3T 1/0 = 4 44
b. Secant-Ogive Cyvlinder Boattail, a = 2°

A new finite differencs mesh consisting of 60 longitudinal
points, 28 normal points and 20 points in the circumferential
dircction was designed for computations at angle of attack. Clustering
of the longitudinal points was maintained in the vicinity of the
cxpansion similar to the « = 0° cases. The computed leeward (¢ = 0°)
surface pressure coefficients, as a function of longitudinal position
are shown in Figurce 7 compared to the experimental results. The
computed results are shown to follow the same trend as the experimental
data. ‘The agreement in the vicinity of both expansions is quite good
but fulls off on the cylinder and boattail. A major problem in running
3-b computations is the large number of grid points required for
adequate resolution,  Increasing the number of longitudinal points, similar
to the amount used for « = 0° (78 points) should result in better
agreement,

k
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n o« %
0.2 3. 2
7 \ LEEWARD RAY
| dee CXPERINENT

WAVIER STOKES

v

FIGURE 7. COMPARISON UF CXPER[MENTA" N0 (IMPUTATIONAC SURFACE
PRESSURE DEFFICIENTS FOR SOCBT, » + 2°

c. Hollow Projectile, a = 0°

Of current interest in shell design is the utilization of

hollow projectiles which have the characteristic of "flat" trajectories.

A shape of this type, known as the ring airfoil, has been type
classified and is currently used as an anti riot device. In order to

demonstrate the general geomctry capabilities of the Navier-Stokes codes,

computations were performed for a ring airfoil shape at o = 0°. A
cross section of the actual shape is shown at the bottom of the Cp plot

of Figure 8a. Inviscid results are presented in Figures 8a, b, ¢ and d
for M = 0.4, 0.7, 0.8 and 0.9. In all cases the pressure distribution
is plotted for the internal and cxternal surfaces using a solid line
and dashed line respectively.
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The critical pressure coefficient, Cp*, is the value of the

pressurc coefficient at scnic velocity. The flow velocity in regions
with pressure greater than Cp* is subsonic and in regions where the

pressure is less than Cp* the flow is supersonic. For M = 0.4
(Figure 8a), all values of Cp are greater than C_* indicating the flow

over both the internal and external surfaces is subsonic. However, as
the Mach number is increased to 0.7, the upper surface is shown to
develop supersonic flow and a shock wave while the internal flow
remains subsonic. Increasing the Mach number still further to M = 0.8,
the shock waves are now seen to exist on both the external and internal
surfaces. A final solution at M = 0.9 shows that the shock wave has
moved to the trailing edge indicating supersonic flow over most of the
internal and external surfaces.

V. SUMMARY

Implicit finite difference methods have been used to solve
the thin-layver Navier-Stokes equations. Both the three-dimensional and
generalized axisymmetric cquations have been presented and solutions of
the flow field about projectile shapes have been obtained.

The computed surface pressure coefficients on the ogive-
cvlinder-boattail projectile were found to be in excellent agreement
with the experimental data for a = 0°. The gencralized axisymmetric
equations used for these computations are similar to the 2-D equations
and thus have no severce limitation on the number of mesh points
required for a good solution.

Computations for the same projectile shape at o = 2°, using :
the 3-D equations, show good agreement with the experimental data.
Computational cxperimentation indicate that improved agrcement could be
obtained with increased grid resolution.

Computations of the viscous boundary layer indicate the .
correct trend for a turbulent velocity profile which is critical to
the determination of Magnus moment. Additional experimental velocity
profiles are required to fully access the accuracy of the Navier-Stokes
computations in the viscous region.

fhe general geometry capability of the numerical scheme was
demonstrated by solving the inviscid flow field about a ring airfoil
projectile. The ability to compute in regions of pure subsonic flow
and mixed subsonic/supersonic flow has been demonstrated.
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LABORATORY INVESTIGATIONS OF BIOMEDICAL FACTORS
INFLUENCING LASER LESIGNATOR OPERATOR PERFORMANCE (V')

*PETER A. O'MARA, PhD, MAJ, MS
DAVID A. STAMPER, MA
EDWIN S. BEATRICE, MD, COL, MC
DAVID J. LUND, BS
LETTERMAN ARMY INSTITUTE OF RESEARCH
PRESIDIO OF SAN FRANCISCO, CA 94129

INTRODUCTION

Laser rangefinder-designators have been developed for use in
various military operational environments, In a typical engagement,
the rangefinder~designator is located at a known position over-
looking the target coordinates. A laser-seeking missile or
artillery round is fired at these coordinates, During the last
several seconds of projectile flight time, the laser beam is
directed to the target and the projectile is guided toward the
reflected laser radiation.

In a tactical scenario, an enemy tank which is capable of
sensing the laser irradiation, will turn and {ire at the laser
designator operator., Blast effects (flash/noise, over-pressure,
dust, debris) and/or the psychological threat of the tauk's response
could disrupt the designator operator's performance to the extent
that the missile or artillery projectile may miss its designated
target., The U.S. Army is presently planning to train laser
designator operators, Additional information is needed regarding
environmental effects on operator performance and individual
differences in performance capacities.

A field simulation laboratory has been constructed which will
facilitate the controlled investigation of factors which mav in-
fluence laser designator operations. The primary objectives in
developing this laboratory were to obtain accurate low-cost on-line
assessment of pursuit tracking performance under conditions where
experimental variables could be preciselyv controlled. An attempt
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was made to reproduce, in the laboratory, some of the conditions
encountered in a field situation. The scenario which has been
implemented consists of a sandbag bunker, desert terrain model, a
viscous-mounted laser designator, scale-model targets, and a
central control room,

Data have been collected in this simulator for comparison
with normative data obtained under field conditions., During these
studies, the effects of training, target angular velocity, and
ambient lighting conditions were investigated., The results of
these studies will be presented.

METHODS

Bunker. The sandbag bunker, which is consistent in design
and construction to standard bunkers (1), is used to control the
soldiers' working environment and to provide a degree of isolation
from distractions occurring elsewhere in the laboratory. Light
levels within the bunker are continuously adjustable by means of
a solid-state controller located outside the bunker. The viewing
port of the bunker opens into a large cone which restricts the
view so that only the terrain model is visible from inside the
bunker. The occupant's view of the terrain is further restricted
to what one can see through the optics of the designator device.

The inside of the bunker is equipped with near infrared light
sources and an infrared television (TV) to monitor the inside of the
bunker under all lighting conditions. The bunker also contains
overhead speakers which can be used to provide sound effects
(e.g., blast effects of incoming projectiles). Two-way communication
with the control room is provided. An instrumentation interface is
provided to enable complete physiological monitoring of the
occupant(s) of the bunker.

Terrain Model, The present terrain model (Fig 1) represents
a desert environment but may be modified to simulate other opera-
tional environments. The terrain model is 6 m wide and 4.8 m deep.
The near portion of the terrain begins 1.5 m in front of the outside
wall of the bunker. The platform supporting the terrain model has
been elevated to a position slightly below the level of the bunker
view port. An observer inside the bunker is, therefore, provided
with a low-angle view of the terrain.

A dry river bed and several small hills are included as part
of the natural features. The use of scaled landscape features was

tibonro il sl amiiid.
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avoided during terrain construction. Thus, targets of various
scales may be employed without extensive modification of the terrain.

Figure 1. Scale model tank and simulated desert terrain.

Laser Designator, The optical tracking device was designed to
reproduce the characteristics of a laser designator but does not
include an active laser device. A unity power scanning scope is
mounted in a fabricated metal box, which is affixed to a
500,000 centistoke viscous-damped traversing unit (Model 50 fluid
head, O'Connor Engineering Laboratories). The damping character-
istics of the mount can be adjusted to equal those of traversing
units which are currently being considered for field deployment,
Two rear-mounted handles (approximately shoulder-width apart) are
used to aim the designator, The relatively close proximity of the
target to the designator also requires that the mechanical response
of the device be adjusted so that the effects of angular displacement
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during tracking are matched to the simulated distances., A unique
optical and mechanical compensating system was developed for this
purpose. A 13-to-1 amplification of vertical and horizontal

motion is obtained through use of levers which are linked to a
moveable mirror located in the optical axis of the scanning scope.
The line-of-sight rotates 13 times as fast as the mechanical rotation
of the designator axis to simulate a l3-power optical system, This
will provide the correct relationship between operator movement and
displacement of the scope crosshairs on the target for any simulated
engagement distance. The tracking device also contains an integral
television camera. The camera line-of-sight is made colinear with
the operator's line-of-sight by a dichroic mirror which reflects the
far red spectrum to the camera and denies it from the operator's
view. The output of the camera is used to provide a remote moni-
toring of the operator's field of view during tracking. These data
are digitally processed to obtain tracking performance data., A
strobe unit mounted in the optical train permits flash-effects
studies to be performed,

Targets. The targets are scale-model tanks, available in
1/16 (Fig 1), 1/25, and 1/35 scale. Through appropriate selection
of target scale and power of the designator simulator viewing optics,
it has been possible to simulate various engagement ranges. The
simulated range to the target is given by the expression:

Mr

where,

R = range to be simulated in meters

M = power of the viewing optics .f the designator
to be simulated, i.e., 13 for this system

r = range to tank model in meters

m = power of the designator simulator optics

S = scale of the tank model

If one assumes that unity power optics are used in the simulator and
that the target is located 5 m from the designator, then the simulated
engagement distances are 1,040 km (1/16 scale), 1.625 km (1/25 scale),
and 2.275 km (1/35 scale).

Control and Data Acquisition, A central control room contains
the TV monitors, data acquisition and recording instruments, and

computer equipment., The TV monitors are used for observing the laser
designator operator, to observe the target and terrain model, and to
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monitor the view obtained through the designator optics. A Heath H8
microcomputer is used tc manipulate experimental conditions, to
control target movement, and to provide acquisition and analysis of
performance data. The H8 is equipped with a dual-drive {loppy disk
system, and a specially designed interface board which processes
tracking performance data. Summaries of operator performance data
are provided on-line by the computer and permanent records are stored
on floppy disks. Statistical summaries are written to a lineprinter
at the end of each tracking trial., Automation of the simulation in-
creases system flexibility and efficiency and allows the collection
and processing of large amounts of data at relatively low cost. As
a result, many experiments can be conducted in a relatively short
period of time.

Horizontal and vertical error amplitude data are derived from
the video output of the TV camera housed within the designator,
Processing of the video signal to obtain error data is simplified
by providing a red light emitting diode (LED) as a point source of
light on the target., This source is readily detected by the TV
camera while entirely invisible to the designator operator. When
the ratio of target spot to ambient illumination is sufficiently
high, it is relatively easy to adjust the monitor sensitivity
controls to obtain a single point corresponding to the target spot.
Error amplitudes are measured as a deviation of the target spot
from a point on the monitor display corresponding to the optical
axis of the designator camera.

Inexpensive methods have been developed for automatically
detecting high contrast targets which are present in video signal
channels (2,3). 1In the simulator, this is accomplished by using
the following procedures. First, a vertical position counter circuit
is reset to zero whenever the camera vertical synchromization pulse
is detected. This event corresponds to the initiation of the rirst
of a new series of horizontal scans by the camera. Fach line
occupies a unique vertical position within the series ol horizontal
lines which make up the picture. A separate horizontal position
counter is triggered whenever a horizontal synchronization pulse is
encountered., This event coincides with the beginning of each lett-
to-right scan of the camera. Within a horizontal scan, each
element of the picture is associated with a unique time delav, A
threshold circuit is adjusted to switch on whenever the relativelv
bright target spot is detected by the camera electronics. At the

same time, the cumulative vertical (line number) and horizontal
(elapsed time) counts are saved for further processing, With this
method, error amplitude values may be obtained at a rate of up to
60 observations per second. The resulting time serics of error
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observations may be subjected to statistical analysis in the time

or frequency domain., The stored horizontal and vertical counts are
algebraically compared with the predetermined values corresponding
to the optical axis of the designator in order to obtain separate
horizontal and vertical error scores. The series of aiming error
observations obtained during tracking trial are processed on-~line

to obtain estimates of the mean errors, root mean square (RMS)
errors, the temporal location and magnitudes of maximum errors, and
a percent time-on-target (TOT) score, The relatively simple TOT
scores are derived by comparing the values of the pairs of vertical
and horizontal observations against boundary values stored by the
computer, The sensitivity of the TOT scores to tracking error can
be changed by reprogramming the boundary conditions. The quantita-
tively superior (4,5) RMS error scores are emphasized as the primary
criteria of tracking proficiency. The relativelv less sensitive TOT
scores are mainly used to provide trial-by-trial feedback to the
operator. Within 30 sec of the end of each trial, a complete summary ‘
of performance data is presented on the control room operator's video
terminal. Summary data are also written to a lineprinter., The
complete records of digitized horizontal and vertical aiming errors '
are also recorded on floppy disk.

Validation Studyv

Subjects. The participants were 12 U, S. Army volunteers,
11 enlisted men and 1 officer. All volunteers received an extensive
eye examination and visual function evaluation to determine accepta-
bility. All individuals were emmetropic. The apes of the partici-
pants ranged from 22 to 38 vears. None of the volunteers had
received previous training in use of a viscous-mounted laser-—
designator type tracking device,

Simulator, In the present experiment, the body of an Athearn HO
model train engine was removed from the engine and frame and replaced
with a Leopard A4 1/35 plastic scale model tank chassis., This target
wias mounted on a train track positioned in an arc 5.3 meters {rom the
laser designator mount, Power to the track was provided bv three
model train transformers through a multiposition switeh that allowed
for rapid change among the three velocities that were used. The
velocities were 2,5, 5.0, and 7.5 mrad/sec (at the simulated 2275 m
engagement distance these velocities were approximatelv cqual to
11.2, 22.4, and 33.6 mph). The model wis cquipped with a clearly
visible aiming point, which consisted of a round bliack bullseyve
located at the center of a square white ficld.  The tarpet patch,
as viewed through the designator optics, subtended a visual angle of
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5.3 mrad. The corresponding traversing angle (the angular displace-
ment of the designator when sweeping across the target) was
t 0.407 mrad,

The average terrain luminance, measured from the position of
the designator objective lens, was 170 Im/m?sr. The luminance
reaching the eye was attenuated by the designator optics, which
had a luminous transmittance of 10%. Low terrain luminance
conditions were simulated by inserting a 2.5 OD neutral density
attenuator in the designator optics but not in the TV camera line-
of-sight. The apparent terrain luminance was thereby reduced to
0.54 1m/m2sr. No light from the terrain passed into the bunker
other than through the designator optics., The bunker light was
turned off during the low-light tracking trials,

3 Procedure. When each soldier was asked to participate in the
experiment, the nature of the research and all of the procedures
were carefully explained and a volunteer consent statement was
signed. An eye examination was given which included the Armed Forces
Visual Acuity Test, Farnsworth Munsell 100-hue Color Vision Test, a
dark adaptation test, undilated funduscopic examination, and a

visual history. The color vision, acuity, and funduscopic examina-
tion were repeated after the experimental phase ol the project. No
test of oculomotor function was performed,

Each volunteer was given 30 training trials/day under the bright-
light condition for 3 days (sessions 1, 2, and 3). During these
sessions, 15 of the trials were run at 5.0 mrad/sec and 15 at
7.5 mrad/sec velocity.

Following the 90 training trials, 90 experimental trials were
run (30 trials/day) that included 10 trials at each of three veloci=-
ties (2.5, 5.0, and 7.5 mrad/sec). Each group of 10 trials were
again divided such that 5 trials were performed under the bright-
light condition and 5 under the low-light condition. The 15 trials
under each light condition were combined, but the two light condi-
tions were separated by a 10-minute rest period between trials
15 and 16. Five of the participants received the dark trials first
and 7 received their light trials first. During the next two ses-
sions, the order of the light/low-light conditions for each group
was reversed from the previous day. The experimental sessions (i.e.,
4, 5, and 6) were completed during the same 5-day work-week.

At the beginning of a session, the participant was seated in
the bunker on sandbags which were adjusted for individual heights,
If the first 15 trials were dark trials, the bunker light was turned
of f for 10 minutes to allow for partial dark adaptation to the
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semi-darkened room. Following this, or if no dark adaptation was
required (i.,e., during the bright-light trials), at the command
"ready" they would center the crosshairs of the designator on the
target. At the command "go" the tank would begin an immediate
right-to-left or left-to-right movement across the terrain. The
total time of the track ranged from 10 to 12 seconds. Each trial
was followed by a minimum delay of cne minute, during which time the
performance data were processed and summarized. Following this, the
next trial would begin in the opposite direction.,

Statistical Analyses. Separate analyses of variance (ANOVA)
were computed for the analysis of the learning curve of the per-
formance scores, including both RMS error and TOT scores, across
all six sessions. For the evaluation of speed and light effects,
horizontal RMS error and TOT scores for sessions 4, 5, and 6 (i.e.,
the experimental sessions) were also analyzed with separate ANOVA,
The ANOVA were performed using Biomedical Computer Programs BMD-P2V
for multifactorial mixed designs (6). The specific post hoc com-
parisons of significant findings were made using Newman-Keuls Tests
(7). The 0.05 level was used for determining significances.

RESULTS AND DISCUSSION

Detailed summaries of the results of an evaluation of the
microcomputer-controlled tracking error system, and the results of
the tracking performace validation study, have been presented
elsewhere (3,8). A brief summary of the results of the analyses
of the horizontal RMS error data will be presented,

The effects of training on performance (Fig 2) across the three
training sessions (1, 2, and 3) and the three experimental sessions
(4, 5, and 6) are illustrated in Figure 2. These data were obtained
during the bright-light condition only. The scores were the within
session means (X) of the 5.0 mrad/sec and the 7.5 mrad/sec velocity
trials, The results of the ANOVA of the RMS error scores for the
5.0 and 7.5 mrad velocities indicated that there were significant
repeated measure effects for both velocities. The post hoc compari-
sons showed, in general, a statistically significant imp'.vement in
performance when sessions 1 and 2 were compared with 3, 4, 5, and 6.
However, with both velocities, despite the slight observable trend
for continued improvement, no statistically significant differences
were found when comparing the sessions subsequent to session 3.

The means and standard errors of the means (SEM) of the X-axis and
Y-axis RMS error data obtained during the last day of training were
then compared to normative data provided by the U,S. Army Human
Engineering Laboratory (9) (Fig 3). In this figure, the plotted
boundary curve represents the ranges of tracking errors which would
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ANGULAR VELOCITY:
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tigure 2. Horontal error as a function of training and target veloaity

be expected when using the current generation of lightweight,
viscous-damped tracking devices under field conditions, The plotted
group means + 2 SEM obtained during this studv fall near the lower
limits ot the predicted range of tracking errors. The relatively
precise tracking performance exhibited by participants in the
laboratory studv might be due to the less demanding environmental
conditions (no wind, ete,), the depgree of training received by the
subfects in this study, and the mechanical characteristics ot
laboratory designator viscous mount,
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The group mean horizontal RMS error scores obtained during
sessions 4, 5, and 6 are presented in Figure 4. The results of the
ANOVA of these data indicated that the effects of ambient light
level, angular velocity sessions, and the interaction of angular
velocity with light level were all significant. The post hoc com~
parisons of the differences between the bright~light and low-light
conditions, at all velocities, during each session were significant.
When specific comparisons of the velocity conditions were made, all
2.5 to 7.5 mrad/sec comparisons were significant, Additionally,

5 of the six 2.5 to 5.0 mrad/sec and 5.0 to 7.5 mrad/sec comparisons
under the low-light condition were significant. However, under the
bright~light conditions only 2 of these 6 comparisons were signifi-
cant. Finally, the significant three-way interaction between ses-
sions, light level, and target velocity can likely be attributed to
changes in performance under the low-light conditions when tracking
at the 2.5 and 7.5 mrad/sec velocities during these 3 sessions. The
difference in horizontal RMS error between the bright-light and low-
light condition was approximately 0.05 mrad at the 2.5 mrad/sec
velocity, but increased to approximately 0.09 mrad for the 5.0 and
7.5 mrad/sec velocity conditions. The post hoc comparisons of

these data, however, indicated that ambient light levels produced
significant effects only for the 7.5 mrad/sec target velocity.

The significant interaction of light level with angular velocity
indicated that not only did error scores increase as velocity in-
creased from 2,5 to 7.5 mrad/sec, but that this effect was even
greater for 5.0 and 7.5 mrad/sec velocities under the low-light
condition., The added difficulty of tracking under reduced illumi-
nation and the partial adaptation noted for the 7.5 mrad/sec
velocity across the three experimental sessions emphasize the need
to provide laser—-designator operators with training under reduced
illumination conditions.

PRESENT AND FUTURE RESEARCH

The simulator is now being used to study the effects of
stroboscopic flashes on tracking performance., Flashes are pre-
sented alone or in combination with evasive target maneuvers while
the operator tracks targets under bright or low-light viewing con-
ditions. The results of these experiments indicate that such flashes
are extremely disruptive, Future studies of countermeasures will
use more complex stimuli (combined flash, noise, vibration, and
target obscuration) and will include measures of the physiological
response of the operator to these stressful conditions. The
tracking performance of operators using various laser protective
materials will also be studied in the simulation laboratory,
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CONCLUSTONS

The results of the preliminary studies indicate that the
tracking performance data obtained with the use of the laboratory
laser designator simulator are consistent with those obtained
under field conditions in which prototvpe viscous-mounted laser
designator devices are used. The methods and results outlined in
this report demonstrate the feasibility of using relatively inex-

ensive microcomputer, laser, and video electronic svstems to study
’ H] - R

human tracking performance in a laboratory situation where bio-
medical variables which influence soldier performance may be
monitored under precisely controlled conditions, The data
obtained through use of the simulator will be of value during

the selection and training of designator operators and will
provide information for use in developing means of protecting the
operator from the effects of hazardous environments,
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EFFECTS OF LOW POWER MICROWAVES ON THE 1.0OCAL
CEREBRAL BLOOD FLOW OF CONSCIOUS RATS

KENNETH J. OSCAR, Ph.D.
US ARMY MOBILITY EQUIPMENT RESEARCH AND DEVELOPMENT COMMAND
FORT BELVOIR, VIRGINIA 22060

Background

Camouflage, decoy and deception techniques can plav a decisive
role on the modern battlefield. The rapid advance of surveillance,
targeting and weapons homing scnsor technolopy now makes cverv cle-
ment which is detected almost assured of being destroved. Camouflage,
decoy and deception cquipment and techniques are a low cost wav to
increase survivability and shitt this balance bv reducing the signa-
ture of targets (camouflage), increasing the signature level of the
background (clutter), creating false targets (decov), and distorting
the perceived target valuc (disvuine).

One decoy and deception corvnt cresently being considered is

to remotely create the perception o oive in the heads ot perseonncel
by exposing them to low power, pul oo icrowaves.  When people are
illuminated with properly modulat ! 1w owor mivrowaves the sensa-
tion is reported as a buzzing, clickin:, or hissing which scems to
originate (regardless of the person's position in the Tield) within
or just behind the head (1).  The phenomnena ocours at average power
densities as low as microwatts per sguare centimeter with carrier
frequencies from 0.4 to 3.0 GHz. Bv proper choice of pulse charace:
teristics, intelligible speech mav be created.  Betore this technique
may be extended and used for militarv applications, an understanding
of the basic principles must be developed.,  Such an understanding is
not only required to optimize the use of the concept for camouf lane,
decoy and deception operations but is required to properly assess
safety factors of such microwave cexposuare.
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Under MERADCOM's In~House Laboratory Independent Research
(ILIR) Program an experimental effort to explore the basic interac-
tion between microwaves and brain function has been conducted. In
a joint program with MERADCOM, Stantord Resecarch Institute (SRI)
and Walter Reed Armv Institute of Research (WRAIR), it was shown for
the first time that lethality, seisures and behavioral performance

decrements were stongiy frequency and polarization dependent (2,3). A
ISR A F ’

later colaboration between MERADCOM and WRAIR demoustrated for the
first time increases in the differential uprake of saccharides to
water in several brain regions of rats when exposed to low power
microwaves of the same characteristics which can create the percep-
tion of noise in people (4). These increases could be caused by
alterations of the blood-brain barrier, brain blood volume, cerebral
blood flow, or some combination of the above. In order to better de-
fine and understand these results a joint program was undertaken with
MERADCOM, Naval Medical Rescarch Institute (NMRI) and the National
Institutes of Health (NIH) to measure local cerebral blood flow in
conscious rats when exposed to low power, pulsed microwaves. It is
these cexperiments which will be reported here.

Introduction

Recent experiments indicating that low power microwaves may
affect brain activity and possibly alter central nervous system
function have causced wide spread concern regarding the safety of such
exposure. Sceemingly conflicting experimental results, difficulties
in extrapollating animal findings to humans, problems of dosimetry,
and misunderstanding over what constitutes an effect versus a hazard
have created a controversy in the arca of microwave safetv (5). O0f
particular concern have been recent reports, from several different
laboratorices (4, 6-9), that low power microwaves mav alter the per-
meability of the hlood-brain barrier (BBB). Several of the techni-
ques (10,11) usced to measure BRBB permeability depend on coastant

blood flow during the cxperiment.  We now report for the first time
that microwave exposure incrcases local cerebral bloed flow (LCBF) in
the comscious rat ar ' sugpent that p eviously reported BBB permea-

bility changes (4, =wav be less in magnitude than originally indica-
ted.

Development of the in vive 14C-2- deoxyglucose technique (12,
13) as a measure of plucose consumption and the in vivo ldc- iodoan-
tipyrine technique (14) as g measore of LCEBE have resulted in experi-
meats (15) yielding convincing cvidence that local blood flow is .
regulated by the metabolic activity of that region. Further experi-
ments (16,17) have led to the demonstration that brain functional
activity, sensory stimulation, cerebral temperature, biochemical
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balance, blood volume, metabolism, BBB permeability, and blood flow
are coupled. Microwave exposure has been experimentally shown to
affect all of these parameters except LCBF. Humans and small animals
can perceive microwaves as auditory sensations (18). Microwave and
very high frequency (VHF) energy have influenced spontaneous and
conditioned electroencephalographic patterns in cats, rabbits, and
rats (19-21). Low-level pulsed and continuous wave (CW) microwaves
have altered glucose consumption in the auditory structures of rat
brain (22). Low intensity microwaves have caused thyroid suppression
and adrenomdullary activation (23). Microwaves have also been repor-
ted to affect behavior (24-28), neurotransmitter levels (29), BBB per-
meability (4,6-9) cerebral calcium efflux (30,31) and behavioral base-
lines to pharmacological agents (32). It seemed a reasonable hypo-
thesis then that microwaves would alter brain blood flow. 1If so, the
measurement of LCBF in the conscious animal would provide a valuable
technique to map the regional influence of microwaves and lead to a
better understanding of microwave safety factors and general brain
function.

Materials and Methods

In 1955 the first method (33,34) for quantitative determina-
tion of the rates of blood flow in discrete brain structures was
reported; the method employed the radioactive gas tracer 1311 trifluo-
riodomethane along with the principles of inert gas exchange. This
radiocactive gas was chosen because diffusional equilibrium between
brain and blood is established almost instantaneously when it is ad-
ministered. Two technical problems are encountered in the use of this
technique of a volatile gas tracer: short half life and difficult
assay. To overcome these problems, investigators have used lic_anti-
pyrine as a nongaseous tracer; however, it provides values of local
cerebral blood flow that are considerably below those obtained with
radioactive gases (35,26). 1In addition, transfer of antipyrine from
blood to brain is limited by its comparatively low diffusion at the
cerebral vasculature. Recently, a new method has been developed that
uses 14C—iodoantipyrine and an audioradiographic assay (37). The l4C-
iodoantipyrine has a higher oil/water partition coefficient than

C-antipyrine, is more permeable at the cerbrovasculature, and pro-
vides values of local cerebral blood flow that are comparable to those
obtained with 13lI-trifluoriodomethane.

The present blood flow experiments were performed with
l4Cc-iodoantipyrine measured by brain homogenization and liquid scintil-
lation counting (38). Although scintillation counting does not give
the structural resolution of audioradiography and densitometry, it is
repeatable, fast, quantitative, and technically easier. Male Wistar
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rats from the Walter Reed colony were provided food and water ad libi-
tum until they had grown to a body weight of 250-320g. All animals
were prepared for the experiments by insertion of polyethylene cathe-
ters into one femoral artery and vein under sodium pentobarbital (35
mg/Kg, i.p.)} anasthesia. After surgical preparation, the hindquarters
were wrapped in a loose-fitting plaster cast and secured to a styro-
foam block. The animals were allowed to recover from anethesia for

4 hours or more before the experiment. Conscious rats could freely
move their forequarters, head and neck, and appeared comfortable.

The rats were selected randomly and individually exposed for
S, 30, or 60 minutes to sham irradiation (controla) or for 5, 15, 30,
45, or 60 minutes to pulsed microwaves of 15mW/cm“ average power
density. A microwave anechoic chamber (2m wide by 3m high by 3m long)
maintained at 23+ 20C was used for exposure. This chamber also aided
in the reduction and standardization of possible background noise
stimulation. All microwave exposures were at a frequency of 2.8 gHz,
a pulse rate of 500 pps, and a pulse width 2i sec. Exposures were
produced by a 40KW pulsed microwave generator (Applied Microwave Lab.,
PH40) coupled to a standard gain horn. The field intensity was
measured with a field intensity meter (National Bureau of Standards)
and an isotropic radiation monitor (Narda Model-8300). Overall
accuracy of reported average power density measurements is estimated
to be better than + 25%.

Within 5 min after sham or microwave exposure, the catheter
in the femoral vein was connected to a 5-ml syringe, which was mounted
in a constant-flow pump (model 341, Sage Instruments) and sect to de-
liver at a rate of 0.78 ml min ~°. The femoral vein was then infused
for 50 s with isotonic saline containing 5uC/ml of 1[‘C«iodoantipyrine
(New England Nuclear, specific activity = 50 mC/mmol). Periodically
during infusion, 20ul samples of arterial blood were collected into
heparinized vials. The rats were decapitated 50 seconds after infu-
sion. Brain regions were dissected out according to the method of
Chiueh et al, (39,40) placed in tared scintillation vials, and weighed.
The tissue and whole blood samples were dissolved and subjected to
routine liquid scintillation counting (Beckman, LS-9000).

Local cerebral blood flow, F, was calculated from the equation
first derived by Kety (33,34):

T
Chrain (T) = me> Chlood (t) e_mF(T_tyﬁdt
0
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where Cbrain (T) equals the tracer concentration (dpm/g) in the brain
parenchyma (excluding intravascular concentration) at time T; m is a
constant between 0 and 1 that represents the extent to which diffu-
sional equilibrium between the tissue and blood is reached (for
iodoantipyrine m=1); Cblood (t) equals the tracer concentration (dpm/
ml) in the arterial blood as a function of time; A equals the steady
state, tissue: blood partition co-efficient (0.8 for iodoantipyrine);
t equals the variable time; and T equals the time from initial infu-
sion to decapitation. Cbrain (t), which represents intraparenchymal
brain concentration of tracer, was obtained by subtracting intravascu-
lar from net regional radiocactivity when the former quantity was
taken as the product of regional blood volume and blood concentrate
at time T.

Results and Discussion

The results of the present study indicate that low-power
pulsed microwave exposure increases the LCBF in the conscious rat.
By 60 minutes of exposure, the blood flow in all 17 brain regions
sampled increased a minimum Of 39% with many increasing well over
100%. The calculated values of blood flow for all exposures are
presented in Table 1. The LCBF values for the control animals sub-
jected to either 5, 30 or 60 minutes of sham exposure were unchanged
and are combined in the table. 1In six regions both the left and
right brain structures were individually sampled. No left right
differences were observed, and after statistical testing these data
were pooled and denoted as " P " in the table. The first brain re-
gion affected, after only 5 minutes of microwave exposure, was the
inferior colliculus. The largest blood flow increases occurred after
60 minutes of microwave exposure and were in the pineal, pituitary,
temporal cortex, inferior colliculus, lateral geniculate, medial
geniculate.

The LCBF values of the control animals varied from 0.86 to
1.84 cm”g”™1 min 1 and are in close agreement with those in the recent
literature. In the conscious rat, the values of LCBF are higher in the
visual, auditory, and sensorimotor areas due to normal external stimu-
lation of these systems. The increased LCBF values after short time
microwave exposure, 5 to 30 minutes, occurred in these same sensory
regions and suggest along with experiments of Wislon et al (22) indi-
cating microwave induced glucose consumption changes in these re-
gions, that microwaves are increasing the metabolic activity through
direct or indirect excitation of brain tissue. After longer microwave
exposure, 60 minutes, all the sampled brain regions displayed large
LCBF increases of a magnitude which suggest a gross alteration of
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brain function due possibly to stress from microwave induced tempera-
ture rise, fatigue, brain stimulation, biochemical imbalance, neuro-
transmitter release, etc.

One area Impacted by these results is the selection of
techniques to quantitatively measure the affects of microwaves on
BBB permeability. The dual indicator techniques of Oldendorf or
Crone use either highly diffusible or relatively non diffusible inter-
nal standards and rely on constant circulatory flux during the
experiment. Most previous studies reporting BBB permeability changes
due to microwave exposure used protein bound markers and observation
with optical, fluorescent, or electron microscopy. The one study, (4),
reporting quantitative measurement of microwave induced BBB permea-
bility increases used the Oldendorf technique with tritiated water as
the internal standard. It has been subsequently found that water does
not freely equilibriate in the brain, and as cerbral blood flow
increases, water's diffusion is lowered, (44). Since the Oldendorf
technique measures the ratio of a test substance to the internal
standard, as blood flow increases and causes the brain tissue level
of water to decrease, the reported ratio measurements of BBB permea-
bility may be overly high. The small BBB permeability increases which
do seem to exist from microwave exposure, as evidenced by microscopy
studies, may be a secondary effect caused by microwave alterations of
blood flow, blood pressure, and/or blood vessel area.

Our present experiments demonstrating microwave induced
LCBF increases indicate an alteration of brain 1ictivity. The me-
chanism of this, and other mentioned microwave effects on brain func-
tion are unclear; direct or indirect stimulaticn of central or peri-
pheral receptors by microwave induced thermal, mechanical or electrical
disturbances are possibilities.
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MOLECULAR LEVEL MODELING OF THE MECHANISM OF
SHOCK INITIATION OF SOLID EXPLOSIVES (U)
F. J. OWENS, PH.D
US ARMY ARMAMENT RESEARCH & DEVELOPMENT COMMAND
LARGE CALIBER WEAPON SYSTEMS LABORATORY
ENERGETIC MATERIALS DIVISION
DOVER NJ 07801
INTRODUCTION: The ability to control the {initiation of
explosives 1is essential to both military and civilian use of the
materials. Control 1in the past has been exercised by empirical

reformulation of composition in order to adjust sensitivity. There
is at present little fundamental understanding on the molecular level
of the phenomena of shock initiation, a situation which can only have
a detrimental effect on the possibility of attainment of finely con-
trollable insensitive high explosives.

Since explosion 1is a chemical reaction and because the
quantum theory has made abundantly clear that the reactive properties
of a material are determined by the vibrational and electronic struc-
ture of the constitutent molecules or atoms of the substance, under-~
standing of initiation to detonation will only emerge by approaching
the problem on a fundamental molecular level. An important objective
of such an approach would be the establishment of a relationship
between the useful properties of explosives such as sensitivity and
yield and their molecular properties.

This work represents an attempt to consider on a fundamental
level how shock or impact can cause chemical reactions in certain
solids in order to gain insight into the factors which determine sen-
sitivity to explosion.

GENERAL MODFL: A detonation is a high rate, sclf-sustaining
exothermic chemical reaction, One plausible model for the process
envisions the shock pulse breaking intramolecular bhonds of the con-
stituent molecules of the solid explosive producing  reactive
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| fragments such as radicals. Since this ster is endothermic, the
necessary exothermic reactions are viewed to be among the secondary
products created by the shock pulse. Detonation is achieved when a
sufficient number of these products are present in order that enough
energy is liberated to cause further reaction enabling the process to
become self-sustaining. The first evidence that the initial step is
endothermic and requires a build up of secondary products has previ-
ously been described by this author and collaborators (1,2). Solid
explosives were subjected to shock pulses less than necessary to
cause initiation to detonation and examined by electron paramagnetic
resonance and x-ray photoelectron spectroscopy. The results showed
definitively that a preliminary bulld up of radicals occurred and
specifically identified the bonds broken. In the case of triamino
trinitrobenzene (TATB) and 1,3,5 trinitro-1,3,5 triazacvclohexane
(RDX), NO, was severed from the ring of the molecule. In ammonium
nitrate (AN) the NH, ion was observed to decompose by shock.

it ikl

This paper 1is concerned with understanding on a molecular
level how a shock pulse causes high rate chemical reactions in explo-
sive solids. There are two general ways a shock pulse can break a
bond of a molecule in a solid. One process can be characterized as 1
thermal, where the temperature generated by shock compression of
lattice is the parameter which determines the reaction. The lattice
heat is transferred to the molecules of the material causing bonds of
the molecules to break. More recentlv the idea has been considered
that the chemistry is a result of mechanical processes (3). Because
of abrupt changes 1in potential molecules are removed from their
lattice site colliding with nearest neighbors causing molecules to

dissociate. To some extent, as will be seen below, when specific
mechanisms are considered this distinction between thermal and
mechanical is artificial. Indeed examination of available macro-

scoplc experimental data for secondary explosives suggests the
chemistry induced by the shock pulse is a result of heat generated by

shock compression. Inhomogeneous explosives, where the temperature
rise is greater for a given shock pressure, are much more sensitive
to shock than homogeneous single c¢ryvstals. Also, as shown in
Figure 1, there 1is a correlation between impact sensitivity and
thermal sensitivity. Thermal inttation of explosion is generally
understood in terms of the heat conduction equation

T 7

pC~— = 1V T =QNK n

ot
T befng temperature, C the specific heat, & the density, t thermal
conductivity, Q heat of reaction, and K rate of reaction. The solu-
tion of the equation predicts a time delav, - | at given temperature
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from the time the temperature is turned on to explosion. This delay
time depends on temperature.

- o E/kT

(2)

Numerous measurements of delay times have been recorded and the data
is described by equation (2). More recently delay times have been
measured after application of shock pulses needed to detonate single
crystals of RDX and PETN (4). This data is shown in Table I. These
delay times after application of shock are predicted from thermal
explosion theory by extrapolation of thermal delay time data
described by equation (2) to the temperatures calculated at the
critical shock pressure. This suggests that the reactions of shock
initiation are indeed the same as thermal initiation.

Table 1. Results of Measurement of Time to Detonation
After Application of Shock Pulse of Peak
Pressure Equal to Critical Pressure_ in
Single Crystals of Explosive Solids

Critical Time to

Pressure Explosion
Explosive (Xbs) (s-1)
PETN 112 3 x 1077
RDX 170 1 x 1070
Tetryl 150 1 x 1070
TNT 200 7 x 1077

*Ref 4

The activation energies for thermal initiation deduced from
equation (2) do not 1in general agree with activation energies
measured from slow thermal decomposition experiments indicating that
in the temperature regime of initiation different chemical reactions
may be dominant than at lower temperatures. This result is also true
of shock induced chemical reactions. Experiments in this laboratory
which have identified the bonds broken by shock have shown that
different bonds were broken in slow thermal decomposition (1,2).
For example, in TNT heating to temperatues below initiation tempera-
tures removes one oxygen of the nitro group whereas a shock pulse
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appeared to alter the oxygen-hvdrogen bonding on the molecule.  The
evidence then 1is that 1in secondarv cxplosives the shock  iInduced

reactions are a result of heating of the lattice. However, the
reactions are not necessarilv the same as  reactions measured at
temperatures below initiation temperatures. Thus, it appears that

shock induced chemical reaction is a thermal process and that the
temperature generated by the shock pulse is the most important param-
eter in determining the reaction rate.

The work here considers possible ways a chemical reaction can
occur in a crystal lattice with particular emphasis on shock induced
chemical reactions. The work considers specific plausible molecular
mechanisms for shock induced reactions in solids and calculates
reaction rates in order to assess the feas.™ility of the mechanisms in
initiation of detonation.

In order for an intramolecular bond to break, heat or
mechanical energy of the shock pulse which is absorbed by the lattice
must be transferred to the molecules. This "energization” of the
molecule can occur by eicher an excitaticon of an electronic or
vibrational state of the molecule. The energy states of the molecule
in the short time of the shock compression are not necessarilv in
equilibrium with the lattice. There must be a coupling between the
states of the molecule and the lattice states. The strength of this
coupling could determine the sensitivitv te initiation. The molecules
of the lattice may also be energized by collisions with other
molecules. However, because they are not as free to move as in a pas
or liquid, the way these collisions occur in a solid will be quite
different than in the liquid or gas phase.

In developing theoretical models for mechanisms of reaction in
a shock compressed solid it is necessarv to characterize the heating
of the lattice due to the shock pulse. Onlv initiation of reaction in
single crystals will be considered where the temperature rise is due
to bulk heating. It will be assumed that the lattice states achieve
equilibrium w%}hin a time short compared to the duration of the shock,
typically 107°s. Without this assumption the concept of temperature
would not be apprupriate. On the other hand, it will not bhe assumed
that the internal states of the molecnle are in equilibrium with the

lattice. In fact, the resualts of  one model will  justiiv this
assumption, Therefore, in  developing  models  tor  the reactive
processes associated with internal states of the molecnles

nonequilibrium approaches will be necessary, In mechanisms involving
external lattice states cquilibrium theories mav be apprapriate.
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Since temperature is a critical parameter in determining rate
of reaction, modeling of reaction rates in shocked solids requires a
calculation of temperature as a function of shock pressure. The
calculation of shock temperature requires a knowledge of the equation
of state and treats the material as a fluid characterized by only
three thermodynamic variables. Examination of various approaches to
calculating bulk shock temperatures indicates considerable 1lack of
agreement in predictions suggesting that such calculations should be
only regarded as estimates (5,6)., Here a relativelv simple method has
been used where the temperature rise is given by, (7)

AT = —— AP (3)

where ' is volume coefficient of expansion, T, initial temperature,p
densitv, and C_, specific heat. For example, in RDX equation (3)
yields a temperature of 585°K at 170 Xbs compared to 770°K calculated
by Voskohoinikov (4). This is typical of the kind of agreement of
various calculations.

THERMAL PROCESSES:

1. Vibrational Relaxational Processes: A shock pulse heats
the solid by exciting vibrational states of the lattice. Three
excited phonons are most likelv to be transferred from the heated
lattice to excite an internal vibration of one or more modes of the
molecules which constitute the lattice. Tt has been shown for a Debve
lattice that the rate of transfer, Wyg, at a given temperature T to a
bond of vibrational frequency  is given by, (8)

3y 203
9K N AT (
Wos——"3 7, ()
16hm(adm M) d

where M is the mass of the molecule, m mass of atom on the
molecule, vy is the Debye frequency of the lattice, A is a coupling
constant between the lattice mode and an internal molecular vibration,
K is Bolt-man's constant, and h is Planck's constant.

Unimolec . lar b.-aking of the bond mav oceur 1f there is a
sufficient probability for multiple excitations to a vibrational state
which has energy equal to or greater than the dissociation energy of
the bond. With a knowledpe of Wy, and assuming 2 harmonic oscillator
potential it is possible to caleulate the rate of excitation to the
dissociative state using a random walk stochastic theory developed by

—— - g ye——m— TSSO
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Montroll and Shuler (9). Application of the theory to the N-N bond
breaking of RDX at temperatures appropriate to 170 Kbs of shock
pressure indicates there 1is no possibility for this kind of a
process. This calculation ignored coupling between internal modes of
the molecule. This coupling which has a shorter relaxation time
(10-7s ) than the molecule-lattice relaxation time (10-°S ) would
compete with a multiple excitation process further reducing the
probability of bond breaking.

~u Ll

The calculated Wyg at 170° Kbs and 770°K is 1.3 x 10 S

which means the relaxation time (1/W,;) for the transfer of phonons to
the N-N vibration of RDX is longer than 10-%S the typical pulse width
used to initiate reaction. These results suggest that the internal
vibrational states of the molecule do not have time to come to equi-
librium within the duration of the shock pulse.

2. Electronic Excitation: Since it has been observed that
UV light of wavelength which causes an electronic excitation can cause
NO; to be severed from the ring of TATB and RDX, and since the same
bond is broken by a shock pulse it is suggested that the first step in
shock induced bond breaking is an electronic excitation. Recently
French workers have indicated a correlation between the charge dis-
tribution calculated from molecular orbital theory of the excited
state and impact sensitivity (10). The excited electronic structure
of the RDX molecule has been elucidated by the work of Marinkas (11)
and this work has shown that although there are a number of excited
states, only the allowed excitations at 340 nm and shorter wavelength
cause photolysis resulting in rupture on the R-NOj bond. Presumably
this excited state 1is a dissociative state with respect to the N-N
separation as schematically depicted in Figure 2. Direct thermal
excitation of this level (line AB) 1is not probable at 770°K. However,
thermal excitation to the unbound state c¢ould occur if the potential
energy curve of this state as a function of N-N separation intersected
the ground state potential energy (point C). Then thermal excitation
of the ground state to point C would allow the possibility that the
system c¢ross over to the dissociative state leading to bond
breaking. Since it 1is 1likely that this is the process for slow
thermal decomposition point € the intersection point of the potential
curves can be fixed at 2.0 eV for RDX which is the activation energy
measured from slow decomposition studies (12). Using the formalism
of equation (4) the rate at which the N-N vibration can be excited to
a vibrational level 2.0 eV above the ground state which would be the
12th vibrational level can be calculated. The result is a rate again
far, too 1low compared to the rate needed to cause detonation,
(10°S7F ). This mechanism, however, could be the

61

SR e 8 AT (g Ll AT 8 — - - =

Ch emtmn

—




OWENS 3

rate controlling step in slow thermal decomposition where lower
reaction rates exist, but is excluded as a mechanism for shock initi-
ation. This conclusion 1s consistent with the previous analysis
which showed that extrapolation of slow thermal decomposition rates
to oritical shock temperatures gives rates which are too low to
account for the process.

The elimination ot thermal excitation to the dissociative
state in RDX as the first step of shock induced bond breaking assumes
that the separation between the ground and excited electronic state
is not greatly affected by pressure. This assumption is justified by
data on the effects of high pressure on the internal vibrational
frequencies of the RDX molecule which will be presented below.

The elimination of the role of any internal vibrational or
electronic states in breaking the N-N bond is really a result of the
fact that Wiy is too low meaning there is not time for energy to be
transferred to internal states of the molecule during the shock com—
pression.

3. Vacancy Production: Another possible way the chemical
reactions of explosion may start in the solid is that the thermal
energy generated by the shock pulse may cause molecules to be removed
from their lattice sites to interstitial positions. In these inter-
stitial positions they may be sufficiently <close to neighboring
molecules to allow chemical contact and thus reaction. The rate at
which a molecule can be removed from its lattice site as a function
of temperature can be approximated by

~F/kT
voe

Q

R = (5)

Where E is the energy needed to remove the molecule from its site to
the interstitial position, and N is the vibrational frequency of
the molecule at its lattice site. In the case of ionically bonded
explosives (such as ammonium nitrate) where electrical conductivity
at elevated temperatures is determined by cation diffusion, E can be
estimated from studies of the temperature denendence of the
electrical conductivity to be 1,17 ev (13). The translational
vibrational frequencies of the NH 1 ion in AN have been measured by
Raman spectroscopy (l14). Thus equation (5) and a calculation of the
lattice temperature as a function of peak shock pressure enables the i
rate of removal of cations frem lattice sites to be calculated. At a '
shock pressure of 100 Kbs a reaction rate of 8 x 10°s-is obtained

which is in the order of magnitude of the rates needed to cause the

initiation to detonation transition, :
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This analysis has not taken into account the effect of
pressure on v or E. Raman studies of effect of pressure on lattice
vibrations suggest v, would 1increase by about 1/2 % per kilobar
(15). Electrical conductivity decreases by an order of magnitude for
a two order of magnitude increase in pressure (16). These numbers
indicate that at 100 Kbs FE would increase roughly by 30% which would
reduce the reaction rate by about an order of magnitude from the
estimate that does not take into account lattice compression. Thus
vacancy production remains a possibility for the initial step which
produces reaction., Indeed vacancies have been observed to be produced
in solids by shock (l7). Significant suppression of reaction rates in
explosive solids with increasing hydrostatic pressure has not been
observed (18).

4, Large Amplitude Lattice Vibrations: An examination of
measured lattice mode frequencies 1in a number of chemically similar
primary explosives indicates a correlation between certain mode
frequencies and sensitivity to thermal initiation, suggesting a
possible role of lattice vibrations in the initiating mechanism. 1In
gas or liquids one of the factors that determines bimolecular reaction
rates is the probability that the two reacting molecules can come into
chemical contact. In a solid where the motion of the ions is con-
strained by the normal modes of vibration of the lattice, there will
be certain modes of vibration in which two adjacent molecules of the
lattice approach each other. 1f the amplitude of vibration is suf-
ficiently large at elevated temperatures the two ions may get close
enough to chemically react. The rate of reaction of the two adjacent
ions on such a model will be given by (19)

R = (6)

2
w —KA /2kT
5 he <
where w is the vibrational frequency of that mode which allows the
molecules to approach, K is the harmonic force constant of the mode (a
harmonic potential is assumed). Ac is the amplitude of vibration at
which the molecules are separated by a distance which allows them to
interact. Note that because of compression of the lattice Ac will
decrease with increasing shock pressure.

Because of the availability of data on the vibrational
frequencies of ammonium nitrate and the relatively simple cubic
structure of the high temperature phase, the model is applied to this
material. The critical separation for reaction of two ammonium {fons
is taken as 2.92 A which 1is twice the {lonic radil of NH,. The
reaction probability is assumed to bhe one when the ions achieve this
separation. The reaction rate can then be calculated as a function of
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shock pressure taking into account the decrease in Ac with shock
compression of the lattice. Sufficiently high reaction rates as a
function of shock pressure are obtained. For example, at 100 Kbs, the
model predicts a rate of 10°s-! . Such a mechanism could well be a
possible way in which rvreactions are initiated in the solid state. It
must be emphasized that the assumption of contact of ionic radii for
critical separation is an arbitrary condition for reaction. The
spirit of the calculation is to assess the feasibility of a
collisional model of reaction in the solid state, particularly in a
shock compressed solid. Another possibility that has been considered
by other workers is that rotation of say CH2 groups could enable
hydrogen atoms and adjacent oxygen atoms of nitroamine explosives to
interact (20).

MECHANICAL PROCESSES:

1. Molecular Deformation: As a shock pulse passes over a
molecule of the lattice the molecule undergoes a time dependent com-
pression. A mechanical breaking of the N-N bond of RDX could occur if
the time dependent perturbation deforming the molecule causes a
vibrational excitation to either points C in Figure 2, or directly
causes an electronic excitation to B. Formal analysis of such
mechanisms have been made. Assuming a Gaussian shaped shock pulse
having rise time T, the rate of excitation from the ground state to a
vibrational state N=L where bond breaking can occur is obtained to be

2 2

“ainee 2 (7

K=COL % mw A Te
where w is vibraticaal frequency of bond, 4 the maximum deformation of
bond, C,;, 1is the factor which determines probability for multiple
excitations to state L, where the vibrational energy is equal to the
dissociation energy. The critical parameters determining such a
process are T, the rise time of the shock, and A the amount of defor-
mation of the bond. Equation (7) shows such a process is not possible
unless T is the order of magnitude of the period of vibration of
molecule, (i.e. 10-'3 s-1 ), 1t 1s unlikely that this is possible.
Recent molecular dynamic calculatisas of shock propagation in inert
gas solids suggest larger rise times (21). Although rise times are
not presently experimentally accessible, the amount of defor-
mation A of the molecular bond for a given lattice compression can be
estimated from experimental data. Using Raman spectroscopy and a high
pressure diamond anvil pressure cell, the 1internal wvibrational
frequencies of the RDX molecule have been measured as a function of
pressure up to 30 Kbs, The data shown in Flgure 3 indlcates very
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small changes in the vibrational frequency with pressure. For example
the frequency of the N-N vibration, the bond that is known to break by
shock only increases by 0.3 percent at 30 Kbs. From a knowledge of
the vibrational frequency of the bond and the dissociation energy a
Morse potential can be constructed to relate bond energy to N-N sepa-
ration. This can be used to estimate the rate of change of frequency
with N-N separation. Coupled with the high pressure Raman data the
change in N-N separation as a function of shock pressure can be
obtained. The analysis shows that at 170 Kbs the equilibrium sepa-
ration of the N-N bond would change insignificantly. Recent molecular
orbital calculations of reaction surfaces of methylnitrate indicate
that for unimolecular bond breaking to occur the molecule must be
compressed by at least 5.0%. Such a change would result in much
larger frequency shifts with pressure than have been measured in
RDX. These results suggest that unimolecular bond breaking because of
mechanical deformation of the molecule causing electronic or vibra-
tional excitation is not possible.

2. Mechanical Vacancy Production: The abrupt mechanical
deformation experienced by the lattice under shock compression will
suddenly alter the potential that holds molecules to their lattice
site. This time dependent change in the lattice potential could cause
the molecules to be ejected from their lattice sites allowing
molecules to approach each other, thereby enhancing reaction probabil-
ity. The time dependent change in the potential may cause multiple
vibrational excitations to an energy which allows the molecule to
leave 1its site. The rate for this kind of a process can also be
described by equation (7) where now A is the change in the lattice
parameter of the solid which will, of course, be much larger than the
change in the internal bond lengths of the molecule and the frequency
will now be the vibrational frequency of the molecule in the lattice,
which is an order of magnitude lower than internal molecular
vibrations. The rate at which such a perturbation can remove
a NH, ion from 1its lattice site in AN has been calculated as a
function of shock pressure. Sufficiently large rates were obtained to
account for a detonation process provided the rise time of the pulse
is in the order of the vibrational period of the molecule at its
lattice site. This mechanical model is really equivalent to the
thermal process of ejection of a molecule from its lattice site. The
time dependent change in the potential of the molecule at its lattice
site causes excitations of lattice vibrations which is in effect shock
heating. This mechanical model is really a fundamental explanation of
how a shock pulse heats a lattice. The distinction then between a
mechanical and thermal process for the vacancy production mechanism is
artificial, and the general agreement between the calculated rates
from the thermal approach and mechanfcal approach is to be expected.
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FIGURE 3. The internal vibrational frequencies of the N-N
bond of the RDX molecule as a function of hydro-
static pressure applied to the RDX lattice,

CONCLUSION:

Analysis of macroscopic shock and thermal sensitivity data
of solid explosives indicates that the chemistry caused by the shock
pulse 1s a result primarily of shock heating but because of the rapid
rise of temperature different reaction kinetics may occur than in
slow heating.

A number of plausible molecular mechanisms by which a shock
pulse may cause a chemical reaction in a solid were considered and
expressions for reaction rates theoretically developed. The theories
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were used to calculate reaction rates as a function of shock pressure
in real solid explosives. The results indicate that there 1s not
sufficient time for energy to flow from the lattice to the internal
states of the molecules of the lattice during shock compression,
either due to thermal or mechanical means. In effect, the analysis
shows that the internal states of the molecules are not in
equilibrium with latt.c. states. This has two 1important
implications. The reaction paths of slow thermal decompositon (where
equilibrium is established) may not necessarily be the same as those
occurring in shock heating, Also unimolecular chemical reactions are
ruled out. In essence, an isolated RDX molecule should not
detonate. The reactions of detcnation are a result of cooperative
processes between molecules of the lattice. This work indicates the
most likely rate controlling process for initiation to detonation is
the rate of collision between molecules of the lattice. Two possible
ways in which collisions can occur in a shocked solid, large
amplitude vibrations due to shock heating and removal of molecules
from lattice sites where shown to be viable mechanisms.

Measurgments ot the effect of hydrostatic pressure on
internal vihrational frequencies of the RDX molecule 1n the solid
indicated that the detormation of the molecule is not large enough to
be a me hanism of reaction, It was shown that for deformation to
cause reaction, the deformation must occur in a time comparable to
the vibrational period of a molecule, an unlikely situation. A

summary of the probability of the various mechanisms of shock induced
reaction considered is given in Table IT.

The c¢onclusion that the initial reactions 1leading to
detonation are a result of cooperative interactions has important
implications with respect to reducing sensitivity of existing
formulations. To reduce sensitivity, the probability of collision of
molecules in the solid must be reduced. This can be done by
increasing the separation between the molecules in the solid by
dispersing the molecules in chemically similar inert solids. The
reaction rate should be proportional to the ratio of solvent to
solute in the solid solution.
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METHODOLOGY FOR EVALUATION OF OBSCURATION (U)

*ELLIOT G. PETERSON, Mr
LOTHAR L. SALOMON, PhD
DUGWAY PROVING GROUND

DUGWAY, UT 84022

Since 1976, improvements in the methodology for physical and
optical characterization of airborne obscurants have come about at a
remarkable pace, reflecting the urgent need for objective data. Prior
to that time virtually all evaluations of obscurants and associated de-
livery systems, and of electro-optical systems in an obscuring environ-
ment, were of the '"go no-go" type. By contrast, a vast body of infor-
mation is now available, much of which is based on developments at, and
tests performed by Dugway Proving Ground. The purpose of this report
is to describe some of the most recent advances in methodology.

A. SOURCE FMISSION RATE. A critical input to obscuration transport
models is the source emission rate. It is defined as the fraction of
mass burned as a function of time, i.e., Fp(t)=(Vo-V(t))/V, (1), where
Vo is the volume of the submunition before burn, and V(t) the volume at

time t. The form of equation (1) was determined for five submunitions.

The treatment leads to valid prediction of submunition performance, and
should also be valuable in designing new submunitions.

Case 1. WP Wick Submunitions. A sketch of the wick submunition
is shown in Figure 1.

Figure 1. Sketch of Wick
Submunition
L L II
Using equation (1), the fraction of mass burned can be obtained using

‘ 1 4 Ly vo, 2 .
Fm = 2(*]70 + )X - ( + ,)(:'r) X‘+(* ) X3 (2)

Rey: Rolo 1 Rp 1o
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where Lo is the length before burn, Ro is the radius before burn, and
X is the burn distance.

If the burn rate (dX/dt) is constant, the burn distance (X) is given by
X = Xp (t/tb) (3), where Xp is the burn distance at burn-out and tp is
the burn time.

Using equations (2) and (3), the fraction of mass burned becomes
Fm = A(t/tp) + B(t/tb)? + C(t/tb)? (4)
where A = 2(%6 + %b) Xp, B = "Cﬁf%; + ﬁi?) Xp?, and C = (Eg%zg) Xp 3.
Table 1 is a list of theoretical constants used for three- and six-inch
WP wicks.
TABLE 1. Theoretical Mass Loss Constants

Ro LO Xb
Type of Wick (in) (in) (in) A B c
Three-Inch 0.5 3.0 0.5 2.17 -1.34 0,17
Six-Inch 0.5 6.0 0.5 2.33 -1.66 0.33

Equation (4) was used to calculate the theoretical fraction of mass
burned as a function of time. The calculations are compared with ex-
perimental results (see Figures 2 and 3) and show good agreement for
these two submunitions.

Case 2. 155 Ml (HC) Canister Submunition. A sketch of the 155 Ml
(HC) canister is shown in Figure 4.

Figure 4. 155 M1 (HC) ‘

Canister '
O )n,_
i

It is assumed that the only surface burning is the center cylinder
(S = 2m7RjL) and the only parameter changing is R;. The fraction of the
mass burned at any time becomes

(Zﬁglﬁh__) (t/tb) + C‘ﬁ?l—“‘“) (t/tb)? (5), where R, is the

radius of R1 before burn (0.681 1n), R, is the outside radius (4.515 in)
and the burn distance X} is Ry - Rpp; and equation (5) then becomes

= 0.26(t/tp) + 0.74 (t/tp)” (6). The comparison of equation (6)
with experimental data is shown in Figure 5, and shows good agreement
for the 155 M1 (HC) canister.
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Fraction of mass loss

Fraction of mass loss

Fraction of burn time 1
Figure 2. Three-Inch Wick (WP)

Theoretical Eq.(4)

Least 5q.Eq.(4)

Fraction of burn time 1
Figure 3. Six~Inch Wick (WP)
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Figure 5. 155 mm Canister, Ml, (HC)
1

rd
Culg
- ———— e

Theoretical Eq.(5)

Fraction of mass loss

Least Sq. “q. (4

Fraction of burn time 1

Case 3. WP and RP Wedge Submunitions. Six wedges form a wafer
shown in Figure 6.a; the wedge itself is shown in Fiwure 6.b.

A

R?
=7
RS,

Figure 6.a Figure 6.1

It is assumed that all surfaces burn. Equation (1) will then take the
form of equation (4), where W
A= + W(@Rgy + b Rop) B = W((a Rps + b Rgy) + (“fik;l'ai’

b Y

RO;T_ R017 Rgze - RP_]‘V

W2 (a”-b?) j 1 :
e e S B S T =1 - Ny W/
€=3 (Rgr- Rp19)’ a ! tan (9/2) b : tan (/2 7h v/
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Table 2 contains a list of theoretical constants used for WP and RP
wedges.

TABLE 2. Theoretical Mass Loss Constants

Ro1 Ro2 W 6
Type  (in) (in) (in) (deg) a b A B c
RP 0.375 2.375 0.50 30 2.732 0.732 1.62 -1.25 0.63
WP 0.375 2.375 0.75 30 2.732 0.732 1.92 -1.10 0.18

Equation (4), along with constants in Table 2, was used to calculate
the theoretical fraction of mass burned as a function of time for WP
and RP wedges. The calculations compare well with experimental results
(see Figures 7 and 8).

B. RELATIVE HUMIDITY (RH) AND HYGROSCOPIC OBSCURANTS. Most of the

conventional smokes, including those produced by burning of phosphorus
and HC, are constituted of hygroscopic particles. It has been predic-
ted, and established by field tests, that transmittance of phosphorus
and HC smokes (i.e., their light-attenuating capability) can vary con-
siderably with RH. In the Beer-Lambert Law T=exp(-aCL), both a and C
are potentially dependent on RH. (Here, T is transmittance (dimension-
less), a is the extinction coefficient of smoke (m2/g), C is the con-
centration of smoke (g/m3), L is the thickness of the attenuating layer }
(m) along the line of sight, and t is time.) Thus o cannot be relied )
upon as an indicator of the light-attenuating characteristics of hygro-
scopic smokes. Indeed, we have found that a may remain virtually un-

affected by changes in RH while T varied because of changes in C. By g
redefining o this ambiguity can be removed.

Transmittance of free-floating (unconfined) clouds can be deter-
mined using a modified form of the Beer-Lambert Law, T=exp(-o/CdL) (7).
We recommend a new procedure for calculating transmittance by defining
the extinction coefficient to be (a’=Ya); equation (7) then becomes
T=exp(-a’SCadL) (8). Values of a’ over the RH range and at the wave-
lengths of interest can then be determined using o’=~f1nTdt//DadL (9),
where Dy is dosage (/Cydt), Ca is the concentration of smoke analyte
which is independent of RH (e.g., phosporus, zinc or, in general,
CaY=C smoke, g/ma), and Y is a dimensionless yield factor which ac-
counts for the difference in concentration between smoke analyte and
actual smoke. For the hygroscopic phosphorus and HC smokes, analytes
(C4 of equation (8)) are elemental phosphorus and zinc, respectively.
Plots of o’ at 3.4 um wavelength are shown in Figure 9 as an example.
For a non-hygroscopic smoke, a’ versus RH would be constant.

In summary, once values of a’ over the RH range and at wavelengths of
interest have been determined, no further efforts are needed to
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ascertain yield factors, and most importantly, no assumptions are nec-
essary regarding the chemical nature of the obscurants. (The fact

that the composition of smokes varies with environmental conditions
and, in many cases, remains uncertain, makes calculation of Y from

3 literature data virtually impossible.) In the present approach, mod-
ified extinction coefficients (a’) become an unequivocal measure of

the light-attenuating characteristics of all types of obscurants,
whether or not they are hygroscopic. Relevant data are available from
past field tests. Furthermore, no additional burden is placed on math-
ematical modelers of obscuration since values of Ca are required in any
event, and calculations of concentration of smoke (using tenuous yield
factors) become unnecessary. )
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Figure 9. Extinction Coefficients a'(aY,mP/g) for Phosphorus (P) and
HC Smokes at 3.4 um Wavelength 1. m Field Data.
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Coefficients vary little from about 17-70% RH: For phosphorus smokes,
8'3.4,=0.97+0.19 std. dev.; for HC smoke, &'3.,=0.3840.12. However,
beyond 70% RH, values increase rapidly. One consequence is that a re-
quired level of light attenuation can be achieved by greatly decreased
munition expenditure. (Note that increases in o’ are reflected by ex~
potential decreases in transmittance.)

C. CORRELATION BETWEEN HUMAN VISION AND INSTRUMENTAL MEASUREMENTS.
Much emphasis 1is being placed on evaluating the effectiveness of modern
military electro-optical devices in obscuring environments. On the
battlefield, however, the human eye probably still is the most impor-
tant sensor. It is, therefore, a question of practical consequence
how instrumental measurements correlate with the ability of ohservers “
to spot a target. To explore this problem, trained observers with i
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7-power binoculars were required to record the time during which they
were unable to see a stationary M48 tank through smoke clouds at 1000m
or 1500m distance. (Perception of targets in realistic situations can
involve a complex set of factors; not all were tested in this study.)

In Figure 10, the time during which the target was obscured to 5 ob-
servers at each of the two distances can be correlated with transmit-
tance (T). It is immediately evident that less light attenuation is
required for obscuration at the longer distance. However, the opera- :
tion of complicating factors is seen in Table 3(I), because the T $
threshold for obscuration varies with type of wmunition despite adjust~
ment for meteorological variables. In what follows, it will be seen
that contrast ratios do not suffer from this defect. The contrast

ratio through time is defined as C,(t)=[B (t)—BB]/[B +BC/T(t)], where
T(t) is the visual transmittance tﬁrough {ime, Bc(t i§ the luminance
(visual) of the cloud through time, By is the luminance of the target

as determined before cloud arrival, Bp is the luminance of the back-
ground as determined before cloud arrival. CR(t)takes account not only’
of light attenuation, but also the relative luminance of cloud, target
and background. The Cp(t) curve shown in Figure 11 and Cgr(t) thresh-
old values seen in Table 3(II) demonstrate good correlation between
measurements and observer responses, and reproducibility independent

of transitory environmental effects such as sky brightness. By com-
parison with T, CR(t) clearly is a superior predictor of human response.

B PR S

Table 3. Threshold Values for Transmittance and Contrast Ratios.

(I) Ave Transmittance (T1) Ave Contrast Ratio
for Obscuration for Obscuration
Round 1000m 1500m 1000m 1500m
A(RP) .0525 .109 .0075 .018
B(WP) .019 .058 .0070 .019
C(HC) .012 042 .0075 .015
Mean/Std. Dev. .0278/.0216 .0697/.0350 .0073/.0003 .0173/.0021

If one plots Cp(t) against the time a munition can maintain a stated
|CR value or less, one can determine the obscuration effectiveness of
the munition and its effectiveness relative to other munitions in the
visual range. This is seen in Figure 12, which represents results from
15 trials with each of three types of 155mm smoke rounds, two of which
are developmental types. The time during which each of the munitions
provides a cloud dense enough to preclude detection of a target, that

is,the time a cloud provides contrast ratios below the threshold for
the eye, is indicated.
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The significance of these findings is that objective instrumental
measurements (a) correlate well with human responses, (b) can be used
to predict the effectiveness of smoke rounds in obscuring vision, and
(c) can be used in identifying munitions which provide obscuration of
the required duration.
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Figure 12. Time Contrast Ratio Remains below a Stated Level.
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D. REAL TIME CONCENTRATION (C) AND CONCENTRATION-LENGTH PRODUCT (CL)
VALUES. Aerosol photometers (APs) are routinely used by us to deter-
mine C(t) of airborne obscurants. Involved in this procedure is the
calibration of each AP using chemical impingers (CIs) which are posi-
tioned next to each AP during the field test. Since chemical analysis
of CIs is relatively time-consuming, C(t) cannot be computed until
some time after the test day. To make C(t) and CL(t) values available
in real time for test control and planning, the following automated
method was developed and employed successfully.

Analog data from aerosol photometers are digitized and recorded on
s magnetic tape. In this form the data represent relative concentration
3 through time. CL(t) is defined as SC(t)dt=IAjRy(t)ALi (10), where A4
is the conversion factor from millivolts (mv) to concentration for the
i-th AP, Rj(t) is the reading of the aerosol photometer (mv) at time
(t) and ALj is the distance between APs. From the Beer-Lambert Law,
CL=1InT/-o (11). Let Y=InT/-o and X=RAL. Then, in general,
Y=A1X;+AoXo+. ... A X, (12), and the conversion factors (Aj) can be ob-
tained by a least square fit of equation (12) or

X1 Xy XXy ... IX9X, Ay LYXy
L XX, IXoXs2 .... LX2Xp x Ar _ LYX» (12)
I XpX1 IXpXo LXpnXn Ap IYXn

The APs are positioned along the same sampling line where the
transmittance T is measured. The inputs to the least squares equation
(12) at any given time t are Rj(t), AL, o, T(t) and repeated through-
out time t at one-second intervals. Results of this method are shown
in Figure 13 and show good agreement between the new method and the
time-consuming method employing calibrated APs.
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E. SUMMARY. In this report, we have presented descriptions and perti- ;i
nent test data of selected methodological developments relating to eval- 3
uation (and, ultimately, weaponization) of obscuring systems. ;“

Tt— g e -

It was shown that source emission rates for smoke submunitions can |
be predicted with substantial validity, thus providing a critical tool ?
for mathematical modeling of obscuration and for the design of new sub-
munitions with specified properties.

The relationship between transmittance and relative humidity was
discussed for hydrated smokes, along with a demonstration of the drastic
effect of high relative humidity on transmittance and its bearing on
munition expenditure. A procedure was described for determination in
the field of a redefined, unambiguous extinction coefficient which
permits computation of transmittance without resort to yield factors,
and is applicable to hygroscopic and non-~hygroscopic smokes.

Evidence was presented which shows that instrumental measurements
correlate well with human vision in assessing the obscuring properties
of smokes. Applications to evaluation of smoke delivery systems were
noted.

Finally, a mathematical treatment was described by means of which
it becomes possible to obtain excellent estimates of concentrations
through time,and concentration - length product time profiles,of obscur-
ing clouds in real time, i.e., by a completely automated procedure.

This is of particular value for field test control and test planning.
Heretofore, such data were contingent on completion of chemical analysis
of the contents of aerosol samplers, and thus unavailable for many hours
or days.
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LASER INTERACTION WITH TBR MATERIALS

JANET S. PERKINS, Ph.D.
ARMY MATERIALS AND MECHANICS RESEARCH CENTER
WATERTOWN, MASSACHUSETTS 02172

In a number of areas the Army has need for high-
temperature, heat-shielding materials that retain shape and structural
integrity in severe thermal environments. Some applications are the
throat of a jet engine or the interior of a rocket combustion chamber.

We have been examining the response of a number of com-
posite materials to a high-energy~flux environment using a welding
laser instead of the arc furnaces of earlier studies. A laser is a
clean, well-defined energy source. If used with an air stream or an
exhaust system to remove pyrolytic products and debris, we can isolate
the action of energy flux from secondary effects and reduce scatter in
data.

Typical of the structural forms we have tested are
foams, fabric-reinforced composites and bulk graphite. Silica orx
carbon microballoons or fabric reinforce the newer high-temperature
resins in samples we have compared with ATJ and pyrolytic graphites.

A sampling of ablation results are shown in Table I.
Among these materials, two are outstanding, both as thermal barriers
and in retention of structural integrity. These are pyrolytic graphite
and TBR., The former is a form of bulk graphite deposited at high-
temperature on a substrate from a carbonaceous gas, e.g., methane.
The latter 1s a relatively new material fabricated from carbon cloth
and a Hitco proprietary resin. Both have a laminar structure.

FABRICATION OF TBR

The class of materials known as TER, an acronyr for
tungsten-bearirg resins, is made by impregnating layers of carbon
cloth with a resin containing tungsten atoms chemically bound within
the polymer backbone. The laminate is then cured, carbonized, and
fired to a graphitizing temperature producing a carbon in tungsten
carbide composite. At this temperature, the tungsten carbides sinter
and bond the layers of carbon fabric together.

The outstanding behavior of TBR composites has raised
questions as to how and why it outperforms other composites as well
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as bulk graphites. Our research has focused on finding answers to
allow tailoring of new composites for special applicationms.

After analyzing the system in depth both during and .
after irradiation, we conclude that the excellent performance can be .
attributed to the following sequence of events: o

(1) The 10.6~um beam produced by the COQ, -laser caused the C
carbon to become incandescent, reradiate a substantial fraction of ;
its energy, and become very hot (3300°C). '

(2) The heat causes the sintered tungsten carbides to melt
and coat the carbon fibers with (a) a protective layer against air
erosion, (b) a reflecting and heat-conducting surface layer, and (c)
a reactive layer for transport and escape of atomic carbon from the
underlying carbon fabric.

This paper presents evidence for these conclusions and
shows why this system is inherently able to interact with very high
intensity radiation with minimal structural damage.

TABLE I. ABLATION VALUES OF COMPOSITE MATERIALS a
Depth of %
Reinforce- Density(p) Exposure(t) Burn(d) Q .
Material ment /Matrix g/cc sec cm k&/g
Syntactic  S10.-MB/ 0.38 2.5 3.8 18
Foams polyimide
C-MB/ 0.30 2.5 3.8 23
polyimide '
C-MB/ 0.78 1.9 0.5 51
H-resin
Woven 10,/ 1.77 3.6 1.3 17
Fabric phenolic
Laminate  nojon/ 1.02 5.5 2.6 22 |
phenolic :
C/TBR 2.18 5.5 <0.10 >200 :
Bulk Pyrolytic 2.20 5.5 0.14 200 i
Carbon graphite

aExposed to CW CO,-laser (I=10.5 kW/cmz) which was essentially mono-
chromatic (10,6umj.
b

-

Ablation values based on surface recession calculated by: Q* = o
With the exception of TBR and pyrolytic graphite, the exposure times

are burn~through times.
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CHARACTERIZATION OF TBR

The 1/8-inch thick material
used in these experiments contained
19 layers of a satin-weave carbon cloth.
It was bonded with Hitco proprietary
resin, TBR-1, and fired to 2800°C.

X-ray diffraction analysis
of the final product shows the broad
carbon bands typical of carbon cloth
(Figure la) underlying spectra of the
three quenched high-temperature forms
of tungsten carbide, W, C, B -WC, _,
and WC, (Figure 1c) as“well as Several
of the more prominent bands of graphite.
The resin alone, heated to 2800°C,
gives a spectrum notable for 1its lack
of R -WC and the predominance of
W,C (Figtré 1b).

Examination of the phase
diagram (1) for the tungsten-carbon
system gives insight into the X-ray
diffraction pattern of the fired
resin (Figure 2). Analysis of this
resin shows a large molar excess of
carbon over tungsten which presumably
would favor the formation of WC rather
than the predominance of W,C found.
However, at 2780°C, WC mel%s peri-
tectically to give solid carbon and a
1iquid phase rich in W from which W_C
precipitates on cooling. Absence o
any of the bands of B -WC,  found in
the laminate 1is not surpr}sfng since
this is stable only above 2530°C.

Figure 1. X-ray diffraction
scans of TBR constituents and
of TBR before and after CO, ~
laser irradiation: (a) cargon
cloth, (b) fired TBR-1 resin
(2800°C), (c) TBR, as-received,
(d) after 10 kW/cm, irradiation,
(e) after 30 kW/cm® irradiation.
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When the fired resin remains in intimate contact with the carbon-
cloth substrate at the high firing temperature for an extended period,
the three high-temperature carbides will accumulate in the steady
state and persist in the quenched product. These result from the
high-temperature reversible redox reactions:

W2C + C— ZB—WCl_x + xC T—— 2WC (1)

This is the evidence on which we base our description of
the starting material as carbon cloth layers held together by
sintered tungsten carbides and carbon from pyrolysis of the original
tungsten-containing polymeric system.

I — T T T 1 T
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Figure 2. Binary phase diagram of the
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EVIDENCE FOR CHEMICAL CHANGES DURING IRRADIATION
X-Ray Diffraction

The surface chposition of the material {irradiated by
lasers (10 and 30 kW/cm“) shows shifts in the ratios of W,C and WC

relative to epwcl_x (Table 1I). There has been a shift tc the right
in reaction (1).

TABLE II(U). RELATIVE CHANGE 1IN AMOUNTS? OF QUENCHED
TUNGSTEN CARBIDES WITH LASER INTENSITY

Original 10 kW/cm? 30 kW/cm’
WZC 1.88 1.31 0.87
We 0.73 0.86 1.17
8Ratios of W.C and WC to R-WC based on peaks (¢) in Figure lc-e.
2 1-x

The shift to larger concentrations of WC, the higher the
laser intensity, is a reasonable effect. The increased energy flux
speeds up both the escape of carbon vapor from the thin tungsten
carbide surface layer as well as reaction of this hotter layer with
the carbon substrate to give a net equilibrium shift toward WC.

Microscopy

At this stage in the argument, it is worthwhile to examine
photomicrographs of both samples (Figure 3). The high-intensity beam

Metric |

Figure 3. (a) 10 kW/cm2 burn on 1/8-inch disk of TBR (5.5 sec.);
(b) cavity in second disk after burn-throupgh of top 1/8-inch disk
by 30 kW/cm? C0,-laser (5 sec.).
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cut through the upper of two stacked disks and penetrated the lower;
the low intensity beam barely penctrated the top laver of the first
disk. TIn the scanning electron photomicrepraphs, (SFM) of the low
intensity burn shown at three magnifications (Figure 4), a semiliquid
phase 1is just beginning to coalesce. (The tinv dot in a is enlarged
in b). The related FDAX micrograph ¢ of the semifluid edge, enlarged
in d, shows the distribution of tungsten as white dots, indicating
great enrichment of tungsten in the semiplastic matrix though carbon
features still persist. Note the carbon fiber stubs marked by arrows
in ¢ and d.

l;n un.';

Figure 4. Scanning electron micrographs (SEM) and energy dis-
persive analysis by X-rays (EDAX) of TBR irradiated by 10 kW/cm?
C0j~-laser (a) SFM of burn area, (b) enlargement of microdreoplet, (c)
FDAX of burn edge, (d) SEM of same arca.

The high-intensity laserv cut deeply and slowly into TBR and
vaporized the carbon fabric, leaving shinv drops of molten, metallic
tungsten carbides on the walls and at the forcfront of the cavity
(Figure 5). Near the mouth of the cavity, two or more phases are
clearly evident on the surface of these drops (FPigure Sa and d) and
the FDAX photomicrograrh showing the dstribution of tunpsten
(Figure 5H) verifies the enrf{chment of W,¢ in the surface coat of WC
as C escapes, :

)
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Figure 5. Scanning electron and energy dispersive photomicro- !
graphs of TBR irradiated by 30 kW/em? CO_-laser: (a) SEM of mouth ‘
of burn cavity, (b) EDAX of same area, (c) fibers from midpoint of

burn showing (1) redeposition of carbon, and (2) residual coating,

(d) enlargement of tungsten carbide drop showing carbon deficient

upper layer.

The SEM of a group of fibers from the wall area halfway
down the burn (Figure 5¢) has two features of interest: the bulbous
growth of carbon at 1, and the residual tungsten-rich sheath at 2
which previously surrounded a fiber now eaten away. Both are
evidence of the occurrence of the peritectic reaction

2UC —— W,C + C (2) :

producing the disappearance of fiber with redeposit of some vapor
in a cooler portion of the sharp thermal gradient,

LASER ENERGY ABSORPTION THROUGH CHEMICAL REACTION !
The significance of these observations becomes apparent
when we consider the related thermodynamic data as well as the

mechanisms by which the relatively low-energy photons in a CO,-laser
can interact with a carbon-fiber reinforced tungsten-carbide matrix.
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Thermodynamics

Let us first examine the thermodynamics of the proposed
system. The only high-temperature data we have found gives forma-
tion enthalpies at 2800°C for W.C and WC (2). CGupta and Seigle (?)
determined the heat of formatiofi and free energy of W C at 1300°C
below which it is unstable. WC is the only thermodynamically stable
form of tungsten carbide at room temperature.

For equilibrium or steady state conditions at 2800°C, cal-
culated heats of reaction for solution and vaporization of carbon
give a net absorption of 170 kcal/mole of C:

AH, kcal/mole

C(s) + W,C — 2UC -5
2WC ——» wzc + C(g) 175 3)
C(s)——C(g) 170

which translates to 60 kJ/g of carbon volatilized and indicates a
highly endothermic system. The actual enerpy absorption must be
greater under laser irradiation by reason of the following:

No account i{s taken in our energy calculations of the heat of
melting the WZC and WC (no data available).

A nonequilibriun system during irradiatfon corresponds to a
higher energy input and a higher temperature for reaction than
that measured on a system infinitesimally removed from equi-
1ibrium, i.e., conditions under which thermodynamric data are
measured.

The emissivity of the tungsten carbide system {s not known

at the face temperature recorded (3230°C) for which the
emissivity was assumed to be (0.999., The true temperature

must be several hundred degrees higher, judging from emis-
sivity measurements made in our laboratory from 700-1700°C

on TBR material;* the normal spectral emissivity diminishes
from 0.85 to 0.72 in this interval. The normal spectral emis-
sivities of W,C, WC, and pyrolytic graphite at 0.9um, (the
wavelength observed by the optical pyrometer during our experi-
ments) are listed by Touloukian as 0,48 (2130°C), 0.59 (1530°C),
and 0.79 (1780°C) (4).

*Private communication from K. J. Taver.
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Crystallography

We have assumed that monoatomic carbon is the principal
volatile species from WC wi.zreas the volatile species from
graphite contain a number of polyatomic species -- Cj, C3,...Cq,
...{(5). Per gram atom, the formation of C absorbs the largest amount
of energy; all bonds to neighboring atoms are broken.

With carbon release from WC, there is good reason to
believe that the i{nitial species evolved is the more highly ener-
getic C, as suggested by earlier workers (6). Some aspects of
carbon removal from the tungsten carbide lattice, whether solid or
molten, can be deduced by examining the crystal structure of WC
(Figure 6). In general, the X-ray diffraction patterns of liquids
near the melting points show the same short distance order as the
parent crystals (7). From two neighboring WC cells, carbon atoms
are released at distancgs greater than the C-C bond distance in
graphite (1.673 vs 1,42A). Unless a carbon atom (or ion) rolls
across the electron surface cloud to bond with another emerging C

C, should not be observed in the vapor. If present, it must be a
sgcondary product.

1’

Further support for this view of single carbon atom egress
from the WC lattice at 2800°C or above i1s found in the elegant study
by French of carbon atom diffusfon into the tungsten body-centered
cubic lattice at 1000°C (8). He photographed, by field ion micro-
scopy, the atomic positions of W atoms in the successive layers of
the tip of a carburized tungsten wire as these layers were removed
one by one. This remarkable series of photomicrographs passes from
the WC surface to the underlying W crystalline state., By observing
the shift in the positions of the tungsten atoms, made visible by

o ‘ N
X A - Pa

o - AT TR -
- a - AT b
O LARBUN </ TUNGS T ‘ () T o
Figure 6. Hexagonal Figure 7. Tranaport of carhon atoms
unit cell of WC. through tiungsten body-centered cubic

lattice [after French (8)].
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this technique, he concluded that the diffusion of carbon into and
through the tungsten lattice proceeded by single atoms entering
either the edge or the face of the unit cells on the surface, 1
followed by passage within the cells from edge to inner edge or '
from face to inner face (Figure 7).

The phenomenon that we have trapped in the thin skin of )
tungsten carbides overlaying the carbon fibers corresponds to the
reversal of carbon diffusion -- from carbon fiber, in this case,
through the thin tungsten-carbide skin to the surface.

Let us consider the fate of the released single carbon
atoms, Those emerging with sufficient energy to escape from the
surface can be oxidized or can redeposit downstream either to build
pyrolytic graphite or amorphous soot. Those with lesser energy can
travel across the surface to a cooler area where a well-crystallized
graphite ring is forming. We have evidence for both. In either
case, the net energy required to produce these single carbon atoms
from the underlying graphite fibers must be greater than the thermo-
dynamic value to atomize graphite given in Equation 3.

As 1s clearly visible in Figure 8, the high~energy laser
burn is surrounded by a border of pyrolytic carbon in well-formed
graphite layers. Low-intensity laser burns also are surrounded by
pyrolytic carbon, The movies of samples during irradiation show

Figure 8. (a) SEM of portion of carbon ridge around 30 kw/cm2
burn and (b) polished metallographic mount of burn cavity cross
section showing solid- and open-layered structure of ridge, and large
drop of tungsten carbides at lower right,
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intense incandescence of these rings as the atomic building blocks
release their energy. By contrast, the centers of these burns appear
relatively cool.

When a block of pyrolytic carbon is irradiated, the entire
burn area and the overlaying plume become incandescent due to poly-
atomic species. These seem to be ahgsent when TBR 1s {rradiated.

From these observations and arguments, it may be concluded
that the energy required to release carbon must exceed that required
to separate the original carbon lattice into atoms.

UNIQUE FEATURES OF TBR
Stability of Carbide Matrix: 3000° Liquid Phase

Physical Constants

At this point in the argument, some observations on stabil-
ity are in order. Among all elements, carbon has the highest melting
point (3652 or 3870°C) and a very high boiling point (4200°C) (9).
These signify the strongest interatomic bonds between atoms of any
element as well as strong lattice bonding. Tungsten, with the next
highest melting point (3400°C) and somewhat weaker lattice bonding,
has a higher boiling point (5530 or 5900°C) (9) and shows very strong
interatomic bonding.

Most significant, however, are the melting and boiling
points of the binary tungsten carbides. The three high-temperature
crystallographic phases all melt within 30+12 degrees and the three
assoclated eutectic compositions within the 40-degree interval below
this. This means that the tungsten carbides melt sharply at about
2750430°C, nearly 1000 degrees below the melting point of carbon
and 600°C below that of tungsten (Figure 2). The boiling point of
the tungsten-carbon "alloy" is listed as greater than 6000°C, higher
than that of any other compound. What is particularly significant
about this 3000°C liquid range is the relative permanence of the
1iquid state as the solid substrate vaporizes through it. Also [ |
indicated 18 the stabilizing effect of carbon atoms intermingled with
tungsten in the liquid phase; the liquid phase remains well above the
boiling points of either constituent. ‘]

Wetting of Fibers

A second significant property of the tungsten-carbon "alloy"
that we have observed, 1s that once molten, it wets the carbon fibers
of the cloth very well. Silvery bundles of fibers were separated
from the sawdust of the sample irradiated with the higher intensity
laser, which was sawed in half before mounting. These came from the
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cylindrical area near to and surrounding the burn-hole to which the
molten, reactive matrix had been driven. The molten coating (a) 3
improved the contact of the C-W,C reactants, (b) protected the hot ‘
carbon fabric from reactive gasés such as CO, CO,, or 0, and (c)

on solidifying, "mechanically hardened" the structure. The mechan- o
ical hardness of tungsten carbides is well known. '

What we observe, then, in the interaction of the high-
intensity 10.6um laser and TBR is a highly endothermic "redox"
reaction of liquid tungsten carbides with solid carbon, initially )
supplied by the pyrolyzed resin, then by the reinforcing fabric .
itself. There is also a fluid flow inward of the reacting matrix to P
give a permanent hard bond on cooling. Additionally, some of the
released carbon redeposits as pyrolytic carbon around the periphery
of the burn; this also increases the mechanical strength of the
damaged pilece.

=

abudian

Lamirnar Structure

Radial Energy Dissipation

There are further aspects of the burn residues shown in the
polished metallographic section in Figure 8 that elaborate this
mechanism, The only two to which reference will be made are the
following:

Because of the very low volatility of tungsten carbide

even as carbon is diffusing through it, the atoms of tungsten
remains in or near the burn area. The laser energy is
chiefly dissipated by vaporizing monatomic carbon.

Because of the laminar structure of the TBR material tested ‘
(as 18 also true of the pyrolytic graphite similarly
irradiated in our tests), penetration of energy normal to the
surface 1s minimal; energy not absorbed by the reaction or by
reradiation is dissipated laterally by conduction within the
upper layers only.

Skin Effect I

Another unusual aspect of TBR may be called a "skin effect."
This was observed in monitoring both TBR and pyrolytic graphite
samples during {irradiation. We believe this effect accounts for the
peculiar patterns of soot deposited on these surfaces and certain
anomalies in the surface-temperature records made during laser
irradi{ation. 1t appears to contribute significantly to the barrier
action of TBR,

g -
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(b)
Figure 9. Five-second 10 kW/cm2 burns on (a) TBR
and (b) pyrolytic graphite (0.1 Mach wind tunnel).

Figure 9 shows burns of both TBR and pyrolytic graphite
which were mounted in a 0.1-Mach wind tunnel and irradiated with a
10 kW/cm? laser beam. The similarity in soot patterns 1is striking.
Both patterns appear to originate at or near the edge of the molten
or plastic face of the burn area. These figures verify that the soot
gource i1s at the edge of what high-speed movies indicate 1s a 11fting
of a cohesive but plastic surface due to carbon vapor build-up below
as well as above the upper-most laminae. Trapped below this blister,
the carbon vapor has a chance to coalesce into soot mixed with other
condensed carbon fragments until the vapor pressure becomes great
enough to slit the blister or tear the edge in the weakest area and
release the trapped mixture.

With pyrolytic graphite in two successive runs, the
breaking of the plastic "skin" was quite visible on the video scan
monitor as well as in the movies. A white incandescent bulge
appeared, tore at the right edge, 1lifted up and burned back from the
reactive broken edge exposing a much cooler, black underlayer which,
in turn, became incandescent, lifted, and similarly disappeared. In
one run, this occurred twice; in the other, three times. The rise and
fall of the recorded front surface temperatures, twice and three
times, verifies the observations. The front face temperature
recorded with TBR was considerably lower and has a shallow wave form
consistent with the more fluid or plastic top laminate during
irradiation.

Multiphoton Absorption: Initially by Carbon

This discussion would be incomplete without some remarks
about the initial stages of irradiation. Each mole of photons in the
10.6um laser beam carries only 2.7 kcal (0.9 kJ) of equally distri-
buted energy. This energy is only sufficient to initiate restricted,
rotational motion of one C-C bond per photon absorbed. Each bond
must absorb many quanta of this energy to approach the energies for
bond vibrations, for electronic transitions resulting in light
emission, and ultimately for bond breaking or the initiation and
support of an energy-absorbing chemical reaction.
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One observation from the high-speed movie record of a
sample of TBR 1is that the first frame showing a visible change
occurred 1,41 seconds after the start of laser action and showed the
cross-hatch appearance of the incandescent carbon fabric just as the
matrix melted. In the next frame, this was obliterated in the over-
all incandescence of the fabric and matrix. This supports the
belief that carbon, rather than the tungsten carbides, is capable of
absorbing significant amounts of radiation at 10.6um. This is a
requirement for interaction of photons with matter.

From these data and observations, we conclude that the
sequence of reactions is the following:

® Multiphoton absorption of 10,.6um radiation by carbon to raise
it to incandescence and a sufficiently high temperature to
soften the tungsten-~carbide/carbon matrix.

® Initiation of rapid carbon migration from solid carbon through
the tungsten carbide matrix to the liquid-vapor phase boundary
in a highly endothermic process.

® Escape of hot atomic (or ionic) carbon either from this
surface as vapor or across this surface to produce an incan-
descent pyrolytic graphite ring.

® As a concomitant reaction, lifting of the top layer of the
laminate intermittently to release clouds of soot and vapor
which have cushioned lower layers from direct conductive
heat transfer.

SUMMARY

To recapitulate and add some corollaries, the damage-
limiting mechanisms provided by TBR under 002-1aser irradiation
include:

e reradiation of higher energy photons by multiphoton-activated
carbon;

¢ reflection of substantial fractions of laser energy as the
tungsten carbide both on and under the surface laminate
becomes molten;

e protection of carbon fabric from air erosion by the molten
matrix;

e lateral energy transfer through molten carbide-coated carbon
fabric layers;

o limitation of energy transfer from layer to layer by pro-
tective blister formation;
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o intermittent detachment of radiating reacting layers from
the substructure;

o the highly endothermic, renewable reaction system of
tungsten carbides and carbon which facilitates a smooth,
relatively slow burn;

o mechanical strengthening of the burn area in this laminar
material by transport and resolidification of the molten
matrix and deposit of pyrolytic graphite in the vicinity of
the laser burn.

We submit that this analysis defines the major sequence of
events that occur when TBR is irradiated by a COp-laser and that it
provides a reasonable model to explain the outstanding thermal response
of this material.
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INTRODUCTION:

A possible relation between the extinction (or
atmospheric visibility) and particle mass content of fogs and
aerosols has been a subject of interest to many scientists since
the beginning of the century.28»128:13:25,3,17,19,18,2 71¢ gych a
relation exists, it would be of considerable practical interest
since then remote sensing extinction measurements would yield
information concerning the fog or aerosol mass content, and vice
versa, from mass content measurements (which are more easily done
at various meteorological stations) one could deduce the extinc-
tion properties of fogs and aerosols——-at least at definite wave-
lengths.

All previous attempts to relate the extinction (or visi-
bility) to the mass content of fogs and aerosols were only par-
tially successful since all derived relations also turned out to
be functions of the particle size distribution, and thus the
derived relation varied from one case to another,

We will show that at definite wavelengths, which are
determined primarily by the size of the largest particles present
in a given polydispersion of fog or smoke aerosol particles, there
exists an unambiguous relation between the extinction and mass
content which 1s independent of the form of the particle size
distribution.
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EXTINCTION AND MASS CONTENT OF FOG AND SMOKE AEROSOL:

Consider a polydispersion of spherical aerosol particles
characterized by a size distribution n(r) and refractive index
m. We want to derive relationships between the aerosol extinction

coefficient Oy and the aerosol mass content M given by

Q
fl

A j}r’Qe(m,x)n(r)dr (1

=
|

= o f 3 min(r)dr 2

where Qe(m,x) is the Mie efficiency factor for extinction for a
particle with refractive index m and size parameter x = 27r/) at
the radiation wavelength X and p is the aerosol density.

It can be seen from the integrals in equations (1) and
(2) that for the extinction coefficient 0, and mass content M to
be uniquely related for arbitrary particle size distributions
n(r), we must be able to approximate the Mie extinction efficiency
factor Qe(m,x) by a linear function of particle radius Q. v r f[or
equivalently, let us say Qe(x) = cx as suggested by Chylek]."’?®

Then the right-hand side of equation (1) contains the integral
.fr’ n(r)dr and combining equations (1) and (2) yields

_ 3mc
e 2\p

M. (3

Unfortunately, the task of finding a wavelength for which
the Q, = cx approximation is a good one is formidable because in
general the extinction efficiency is a rather complicated function
of particle size, refractive index, and wavelength. Nonetheless,
examination of the form of the Mie efficiency function Qe(x) for
fog droplets, phosphoric acid droplets, HC, and carbon smoke
particles for wavelengths ranging from the visible through the
middle infrared reveals that at particular wavelengths the Qe(x) =
cx approximation is acceptable.

An example of such a wavelength for fog droplets is shown
in figure 1 where the Mle extinction efficiency function at \ =

l11ym is well approximated by Q, = cx, up to a maximum value X =8
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(corresponding to a maximum radius o Z 14um). Therefore, under
the constraint that fog droplets have radii not exceeding r =
14um (which is not unrealistic for radiation and most advection
fogs), we expect a linear relation between extinction at X = 11um
and liquid water content of fog according to equation 3.

os
x
B X=” m
S 4 g
Y
5
_zu!34 Q,=CX -
9 y
Py
. ‘ :
w , . ,
> , - Q. (Mie)
9 H
— f
[ !
E o ¥ T 1 T T 1 T 717‘[ T 1 T T T
0 5 Xo 10 ' 15

SIZE PARAMETER X

Figure 1. The efficiency factor for extinction Q, for water
droplets versus size parameter x at a wavelength X
=11ym {index of refraction m = 1.153 - 0.0968i). The
efficiency factor can be approximated by a straight
line Q, = cx providing x < x_. The approximation
overest imates the exact value of 0 for some some size
parameters, but underestimates it for others (still
with x ;1xm). These two errors tend to cancel, leading
to the extinction coefficient helng linearly related to
the liquid water content of fogs according to equation

7.

We should point out that this linear approximation of the
Mie extinction efficiency is distinctly different than a Rayleigh
approximation, which requires the particle size (with respect to
wavelength) and phase shift be small (|m - 1| x << 1). Clearly,
this Rayleigh condition is not satisfied for size parameters as
large as x = 8 as in figure 1.

103




*PINNICK, JENNINGS and
CHYLEK

In the next sections we apply this approximation
procedure and the resulting extinction-mass content prediction (3)
to polydispersions of particles having widely different optical
properties: atmospheric fog, phosphoric acid, HC, and carbon
smokes. The success achieved with relation (3) attests to 1its
simplifying impact on the gamut of radfative transfer problems in
which atmospheric fog or aerosols play a role. Thus, our relation
(3) connecting particulate extinction to particulate mass content
should prove useful in such diverse research areas as earth
climate, remote sensing, and electro-optical communications.

APPLICATION TO ATMOSPHERIC FOG:

Before we can have confidence in applying the 1linear
relation (3) between extinction and liquid water content of fog we
should test 1its wvalidity with existing measurements that are
available. Since simultaneous infrared extinction and 1liquid
water content measurements in fog do not yet exist, we calculated
the volume extinction coefficient 0, using Mie theory and the
liquid water content M for 341 measured size distributions of fog
droplets reported in the literature.®>!® 2% 15 l4 2l Thae fog
measurements were chosen to represent a wide range of meteorologi-
cal conditions ranging from maritime and continental advection
fogs!**** ? to inland radiation fogs.3%’??% 222!

The results of these calculations together with the
derived approximation equatiaon (3) at 2 = 1lum are shown in figure
2. Points showing the results of the Mie calculations are always
within a factor 2 of the straight line showing the equation (3)
approximation (oe = 128W) even though the extinction coefficient
and liquid water content ranges over almost four orders of magni-
tude with the considered size distributions. 1In view of the fact
that the o, = 128W relation is not a result of any fit to experi-
mental points, but rather an absolute calculation (by absolute we
mean that no free fitting parameter is involved) using equation
(3), we consider the agreement to be acceptable.

On the other hand, we do not expect a unique extinction-
liquid content relationship at all wavelengths. To demonstrate
this point, we present Mie calculations for the same 341 droplet
distributions at A = 4um in figure 3. For a given liquid water
content, the extinction coefficient varies by more than an order
of magnitude as a function of the size distribution.
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10 4 re—r

1074 103 102 10" 10°

LIQUID WATER CONTENT (g m™3)

EXTINCTION COEFFICIENT (Km™)

Figure 2. Variation of particulate extinction coefficient (at) =
11um) with liquid water content W. The points were
determined from 341 size distribution measurements of
atmospheric fog and haze made at different geographic
locales and wunder a variety of wmeteorological
conditions [open circles denote measurements of,
Pinnick, ' plus symbols of Garland and Roach?»!®» 22
square symbols of Kumai, !® and solid circle symbols of
Kunkel!*]; the straight line 1labeled 0, = 128W was
determined from equation (3).

APPLICATION TO PHOSPHORIC ACID AND RP SMOKE:

Phosphoric acid smoke differs from atmospheric fog in two
important respects. First, smoke particles are much smaller than
fog droplets; and second, they are generally strongly absorbing at
infrared wavelengths. These two characteristics result in Mie
efficlency factors Qe being well approximated by Qe = cx for most
infrared wavelengths, and consequently, we expect the extinction-
mass relation (3) should be applicable throughout the infrared.
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Figure 3. Variation of particulate extinction coefficient (atix =
4um) with liquid water content for the 341 size distri-
butions of fog and haze considered in figure 2.

To test this contention we have compared the ratio of the
extinction coefficient to mass content ce/M predicted according to
our size-distribution-independent relation (3) to values of oe/M
determined from the transmission and mass content measurements of
Milham.'®® The results, which are seen in figures 4 and 5, show

*The extinction coefficients 0, were derived from transmission
measurements for which forward scattering corrections’ and
multiple scattering corrections should be considered. Forward
scattering corrections arise from singly scattered photons that
enter the detector along with the unscattered (direct) radiation
due to the finite angular aperture of the detector. Similarly,
multiple scattering corrections arise from signal contributed by
multiply-scattered photons. Both these effects cause increased
detector signal and hence result in a smaller inferred extinction
coefficient {f they are not considered. We estimate the forward
scatter corrections for the experimental setup used hy Milham'?® to
be not more than 3 perce:‘ and have neglected them; however, no
attempt was made to make quantitative estimates of multiple
scatter corrections.
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agreement of predicted and measured o./M values to within 30
percent throughout the 3mm to 5um and 8im to 12um atmospheric
window spectral regions suggesting the validity of relation (3)
for phosphoric acid smoke. The extinction-mass measurements in
figures 4 and 5 can only suggest (and not prove) the validity of
relation (3), as the measurements are for only one particular size
distribution of phosphoric acid particles.

—

a0
e ~ [ PHOSPHORIC ACID (60 %)
~ 1.8}
-
g 1.6
o
Ezl'q o nmonvu%==%%im)
g .2 —— MEAS (MILHAM et al,1977)
© 1.0
Z
;g 0.8}
2 0.6} \/O_h ©° o\& R
Tt e}

; 0’4_ \
w
g;().2

I SR U SE GRS VRN GHY U UUN Sy R UL VNS DIV VI S VS S SR S |
:9 3 4 5 6

WAVELENGTH (um)

Figure 4. Values of the ratio of aerosol extinction coefficient

to aerosol mass content (oe/M in m?% ') predicted
according to the size-distribution-independent linear
relation (3) (open circles), and measured by Milham'?®
(smooth curve) for 60 percent phosphoric acid
aerosol. Good agreement between prediction and mea-

surement {s obtained throughout the 3mm < A < 5um
spectral region.

In contrast to the phosphoric acid results, comparison of
the relation (3) to Milham"s'® measurements on RP smoke (figure 6)
show relatively poor agreement 1in the 8mm to 12um spectral
region. The reason for the poor agreement is that the burning of
RP/WP smokes apparently results in production of an unknown chem-
fcal specles'® whose refractive indexes cannot be approximated by
those of phosphoric acid [which was assumed in determination of
c(2) in relation (].
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Figure 5. Same as figure 4 except for the 8um < X < 12um spectral '
region.
4

APPLICATION TO HC SMOKE:

Like phosphoric acid and RP smoke particles, HC smoke
particles are much smaller than fog droplets. However, they arc
much weaker absorbers than these other smokes at most infrared
wavelengths, and as a result the Qe = cx approximation is less
accurate.

This 1inaccuracy {s reflected in the comparison of ce/M
values predicted according to equation (3) with measurements of
Milham®?® i{n figures 7 and 8. For some wavelengths in the 3um to
Sum and 8um to 12um spectral regions the disagreement between
prediction and measurement is as much as a factor 2.5. Thus, ;
although we expect relation (3) to be successful throughout the ‘
infrared for strongly absorbing phosphoric acid smoke, for weakly |
absorbing HC smoke our relation (3) should only be applied for
wavelengths around X = 4um and A = 11um.,
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Figure 6. Same as figure 5 except for RP smoke rather than phos-
phoric acid. 1In this case, measurements are shown for
two different aerosol mass loadings (M is the aerosol
mass content and I the transmission chamber path
length).

APPLICATION TO CARBON SMOKE :

Caution must be exercized in applying the aerosol extinc-
tion coefficient-mass content relation (3) to carbon smoke because
in general the particles are irregular in shape and the derivation
of equation (3) requires the assumption of spherical homogeneous
particles. We know from extinction and scattering measurements on
slightly irregular particles by Greenberg,!' Zerull,?’ and
Pinnick, ?® that providing their equivalent size parameters are
less than x = 3, they scatter like spheres. If carbon smoke
particles were only slightly irrcgular and if they had size param-
eters less than x = 3, we might expect that our neglect of irreg-
ular particle effects in the application of equation (3) to these
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particles might be of little consequence. However, some carbon
smoke particles, for example those measured by Roessler and
Faxvog, 2’ consist of long extended chains of small (v0.05um diam-
eter) spheres (figure 9)., For these particles, we are probhably
not justified in approximating their extinction efficiency by some
equivalent sphere extinction efficiency [as is done in determina-
tion of the parameter c in equation (3)).

Keeping in mind reservations concerning particle shape
effects, we have proceeded to compare the extinction
coefficient-mass relation (3) to transmission measurements made
through carbon smokes from several different sources. We chose
measurements reported by Hurley and Bailey'? on a hand-fired
Lancashire boiler operating at full load, by Conner and Hodkinson ®
on an experimental smoke stack, by Roessler and Faxvog?® on
acetylene smoke, and from the Handbook of the Society of
Automotive Engineers (SAE), ?" for diesel engine smoke emissions.

n
H
1

| HC SMOKE (52% ZnCl,)

3rc

2hp

- MEAS.(MILHAM,I1976;PYRO DISSEMINATION)
-2

'GT ML=144gm

n
(@)
T

© THEORY (o= M)

MASS EXTINCTION COEFFICIENT (m?g™)
~
1

O U VTV S RS SO U S T U VA G T S U W S W |

30 35 40 45 5.0
WAVELENGTH (m)

Figure 7. Values of the ratio of aerosol extincthp coefficient
to aerosol mass content (g,/M in mip~ ") predicted
according to the size-distribution~independent relatton
(3) (open circles), and measured by Mitham'® (smooth
curve) for HC smoke.
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The results of the comparison are shown in table 1 where
the values of o_/M predicted on the basis of equation (3) are L.
generally within 20 percent of those determined from the measure- )
ments on various types of carbon smokes. Thus, even for quite '
nonspherical smoke particles, the relation (3) correctly predicts
a relation between extinction and mass content, at least for ,
visible wavelengths. )

et it

CONCLUSIONS:

We have shown that a linear size-distribution-independent
relation should exist between the volume extinctlon coefficient ’
and particulate mass content of atmospheric fog, phosphoric acid
smoke, HC smoke, and carbonaceous smokes--but only at particular
wavelengths. The suitable wavelengths are ) = 1llum for fog, X =
3mn to 5um, Bum to 12mm for phosphoric acid, » = 4un, 1lun for HC,
and A = 0.55um for carbon smoke. These relations can be used to
uniquely connect the transmission across a path in a fog or smoke
cloud to the path~integrated particulate mass content, providing
forward scattering and multiple scattering corrections can be
neglected.
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TABLE 1

Comparison of measured and predicted values of the ratio of
aerosol volume extinction coefficient to mass concentration ce/M
for carbonaceous smoke particles. The measured values of o, were
determined from visible transmissometer measurements under the
assumption that forwardscatter and multiple scatter corrections to
the inferred extinction coefficient are negligible. The measured
values of smoke mass concentration M were determined from filter
sampling. Also given are values of the smoke path length L and
the transmissometer wavelength A. The predicted values of o /M
were obtained from the size-distribution-independent relation ?3)
under the assumption of a particle density p =2 g cm %,

Predicted
[(from
Mass Path co/H equation (3)
Concentration length Wavelength oe/H = Juc/2xp

Reference M(g m= % 1.(m) A( um) (m%=") (m’g=")
Black Smoke 0.29 0.305 0.55 8.04 9.5
(coal sroker) 1.0% 0.305 .55 8.38
Hurley and 1.40 0.305 0.55 9.0
Bailey (1958)
Rlack Smoke 0.16 0,10 0,56 a.78 9.3
(ofl fired 0,55 n.10 0.56 9,61
smoke stack) 1.0 0.10 0.56 9.52
Conner and
Hodk i nson (1967)
Acetylene smoke 0.0155 1.815 0.514 9.93 10.2
Roessler and 0.0527 0,10 0.514 9.96
Faxvog (1979) 0.120 1.R35 0.514 9.68

N.165 0.10 0.514 9.60

0,321 0,10 0,514 10.1
Ntesel Fngine 1.0 0.10 0.55 6.79 9.5
Fmi sgion

SAF handbook
(19710
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LANDING CAPABILITY RESEARCH
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Introduction

Current Army helicopter flight tactics require frequent operation at
low level and low speed conditions ordinarily restricted bty flight
safety. While this nap-of-the-earth (NOE) flight does reduce proba-
bility of detection, it necessitates that the helicopter be operated
within the envelope shown in Figure 1. Within this envelope the
unique autorotative landing capability of the helicopter, which is an
inherent safety characteristic heavily relied upon during in-flight
power loss and other emergencies, is severely diminished or eliminated.

While the frequency of all emergency autorotative landings (i.e.,
rate per 100,000 flight hours) has decreased over the past several
yea}s for Army single-engine fleet helicopters, the percentage of
unsuccessful landings resulting from emergency autorotations has
remained relatively high. United States Army Safety Center accident
statistics reveal that at least 30 percent of all emergency auto-
rotative landings involving AH-1, UH-1, OH-58, and OH-6A helicopters
result in some degree of vehicle damage or personnel injury. These
statistics further indicate that the probability of each of these
helicopters experlencing at least one emergency autorotation accident
during an assumed 10,000-hour service life is as follows:

OH-6 94.07
AH-1 77.57
0H-58 76.37%
UH-1 63.37
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(NOTE:

"Emergency autorotation accidents' include damage classifica-

tions ranging from "precautionary landings" to "major damuge".)

These autorotation accident statistics, coupled with the current emphasis
on NOE operation, the potential high threat environment of the modern
mid-intensity battlefield, the high cost of aircraft and their mission
equipment, and the value of highly skilled crews, command renewed
attention to engine-out survivability,
supplementary research of previously documented findings indicate
that it is possible to significantly improve helicopter autorotation
capability and reduce demands on pilot skill through helicopter rotor
This paper discusses results of curi=:nt
studies as well as an outline for future in-depth research which will
define optimum approaches and answer detailed design questions which

energy augmenting concepts.

are beyond the scope of current efforts.

Notation

AE

'L
max
s

DL
EE
E req

E req

¥E

Auxiliary energy for concepts other than higna
energy rotor

Maximum rotor average 1ift coeZicieni

Thrust coefficient = T/( 7 RZ p (L R)z)

Disk loading = W/m R2
Fngine energv during autorotation, HP-sec

Total energy required in autorotation

Total energy required in autorotation at disk
loading =3, Sea Level Standard (SLS)

Height above ground level, ft

Helicopter kinetic energy due to horizontal
velocity, IP-sec

Empirical constant relating initial hover power to
average pover

Rotor inertia per blade, slug—ft2
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PE

P(t)

Total rotor inertia, slug—ft2
Potential energy, HP-sec = Wh/550

Engine power _available during autorotation, horsepower
(SHP—SHPf) e + SHPf

Rotor radius, ft

2 2
Rotor energy, HP-sec = 1_ ( 20 - £2 min)

R 1100 SHP

Initial hover power, HP

Minimum engine power, HP

Hover shaft horsepower out of ground effect
Flight time, sec

Collective time delay, sec

Autorotation index, sec

Autorotation vertical touchdown velocity, ft/sec
Helicopter flight welght, 1b

Rotor group weight

Rotor group weight at disk loading = 3, SLS
Normal rotor rotational speed, rad/sec
Minimum rotor rotational speed, rad/sec
Average blade profile drag coefficient
Overall helicopter efficiency factor
Density

Rotor solidity
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Autorotation Accident Statistics

The rationale supporting the need for the initiation of the investi-
gation reported in this paper lies in the simple analysis of real-
world autorotation accident data. Based on data supplied by the US
Army Safety Center (USASC), an attempt was made to define first order
critical or troublesome parameters that either affect individual heli-
copters or carry a common thread among all of the subject helicopters
(i.e., UH-1, AH-1, OH~58, and OH-6),

The USASC data was instrumental in identifying overall causes of
emergency autorotations and accident frequency of occcurrence trends
for the subiect helicopters. The major categories of "cause-related
factors" or factors which precipitated the emergency autorotation and
subsequent accident are summarized in Figure 2. As might be expected,
engine failure contributes the h.ghest gingle "cause-related factor",
with human error being second. In an attempt to define abnormal
accident rates within the normal operating ranges of such parameters
as airspeed, height above ground level (AGL), gross weight and mission,
a relation to actual operational time spent by the subject helicopters
at each flight condition or in each mission segment was formulated.
Southeast Asia (SEA) Operational Flight Loads Investigation data was
available for the AH-1G, OH-6A, and UH-1H helicopters based on an
approximately 200-flight-hour operational survey conducted for each
aircraft consecutively from 1968 through 1972,

The surveyed flight hour trends were in concert with the accident
rates in all areas in which comparisons could be made. Unfortunately,
the operational survey sumnary reports did not include data adequate
to define the exact AGL height for the recorded mission flight hours,
and thus the operational AGL height trends could not be directly com-
pared with USASC accident statistics. It is estimated, however, that
based on recorded average density altitudes and outside air tempera-
tures, the AH-1G, OH-6 and UH-1H aircraft spent 30 to 50 percent of
their mission time at heights of 1000 feet or lower. This estimate
agrees with accident statistics which indicate that just over 50 per~
cent of the emergency autorotational accidents (due to noncombat causes)
wvere initiated from within this height band. TFor all four of the
subject helicopter types the trend of unsuccessful autorotations at
constant gross welght increases with decreasing height, as shown in
Figure 3., The height below which most accidents occur (¢ 500 ft)
encompasses nap—of-the-earth (NOF), contour, and low-level flying
currently in vogue for modern battlefield tactics.
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Recent Fxperimental Work ~ High Emergy Rotor System (HERS)

The Bell Helicopter Textron Figh Energy Rotor System (HERS) discussed

in References 1 and 2 has demonstrated the ability to increase rotor

inertia to eliminate or reduce the low speed portion of the H-V curve.

An OF-58A helicopter was used as a test bed with blades modified by ‘
adding tip weights and structural strengthening. Bell Helicopter ‘
built the test hardware and conducted preliminary tests to expand the

flight envelope. The HERS was then extensively tested under a

contract with the Army Applied Technology Laboratory with investiga-

tive emphasis on the effect rotor inertia has on flight safety,

performance, agility and control. The benefits and some of the

penalties of high inertia rotors are discussed in detail in Reference

2., This paper will discuss only the impact of increased inertia on .
the low speed E-V avoid area. ‘

The HERS concept uses the stored energy resulting from increased rotor
inertia to reduce the H-V avoid region. The flight test rotor allowed f
testing of high (I = 672), mid (I, = 50C), and low (I, = 323) rotor :
inertia configurat&ons. Testing inicated that as rotBr inertia in-
creased, the E-V curve collapsed to a critical ccndition of hover at
a height equal to that at the "knee" of the normal rotor curve !
(approximately 100 ft). This condition has been used as the design
point for sizing auxiliary rotor energy concepts discussed later in
this paper.

The essential summary results of the extemnsive F-~V autorotation
testing are compared in Figure 4 to the standard OH-58A results from
earlier Army Engineering Flight Activity (AEFA) qualification flight
tests, Three significant factors may be seen from this figure: the
effect of increased inertia on the H-V curve, the difference between
the operational and maximum performance H~V curves, and the apparent
difference between the standard ON-58A and the HERS low inertia F-V
curves,

The HERS and standard OH-58A maximum performance H-V curves represent
the maximum autorotational performance demonstrated by the test pilots.
The operational curve is adjusted for average pilot technique by
allowing a 2-second collective delay. In determining the maximum
performance curves, the test pilot immediately adjusted collective
when power was reduced.

The OH-58A and the HERS low inertia configuration are nearly
equivalent aircraft but demonstrated significantly different H-V curves.
For the HERS low inertia configuration, the high-hover point was
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lowered and the low-hover point raised. A more effective flare,

thought due to the slightly wider chord blades of the HERS configura-
‘ tion, is suggested as being responsible for the two hover point improve-
' ments. The slight worsening of the "knee'" of the HERS "deadman's"
curve is possibly due to the aerodynamically dirty blades as a
consequence of upper and lower surface strengthening doublers along
the blade radius from root to tip. The differences between these
curves may also be attributed, at least in part, to a difference in
technique rather than a true difference in the H-V curves. Subsequent
calculations indicate that for similar technique, the OH-58A and the
BERS low inertia P-V curves would have been nearly identical.

Analytical Methodology -~ Autorotation Maneuver Program (AMP)

The development of the autorotation methodology discussed herein
stemmed from both the lack of an economical and accurate prediction
tool for in-house autorotation analysis and the obvious need to
investigate potential autorotation improvements, as evidenced by the
USASC accident statistics., Available analyses proved insufficient
for various reasons. Through competitive procurement a contract was
subsequently awarded to Sikorsky Aircraft to develop and correlate

a computer program capable of simulating not only typical autorotation
raneuvers but also the nonstandard helicopter autorotation profiles
with various types of auxiliary rotor energy devices. The method of
analysis is basically an energy and force balance procedure and is
outlined in Figure 5. This Autorotation Maneuver Program (AMP) is
capable of generating height-distance~time relationships for any of
three different flight regimes: (1) takeoff, (2) landing, (3) auto-
rotation, or any combination of the three.

To accommodate emergency conditions, the program prcvided for evalua-
tion of auxiliary power units, rotor tip rockets, Jet Assist Takeoff
(JATO), flywheels, drag brakes, and dropping of external loads.
Provisions have also been made for calculating the minimum H-V
envelope for user-specified constraint criteria. The details of the
formulation and initial correlation efforts are contained in draft
form in References 3 and 4. The analvsis is currently viewed as
developmental and has achieved mixed success to date. The fundamental
analysis 1s viewed as basically sound, as demonstrated by the para-
metric sensitivity trends of Table A, which have been corroborated by
other findings, and the H-V curves of Figure 6, which compare
moderately well with both flight test and operator handbook sources.
However, an internal, automated method of determining the minimum H-V
curve has proved unreliable in evaluating the impact of high energy
systems on the H-V curve as shown in Figure 7. The curves for the

OH-6A in Figure 7 illustrate the anticipated reduction of the H-V
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envelope with increased rotor inertia. The AH-1G, on the other hand,
seems to indicate an insensitivity to inertia. This insensitivity is
considered to be due (at least in part) to the 'typical autorotation”
control algorithm "hard-wired" into the AMP automated procedure.
Subsequent computations with the AMP in the "you-fly-it" mode produced
more realistic results.

The extensive time history data obtained during the HERS flight test
was used to provide additional validation of the basic AMP analysis,
The data from several flights was extracted from Reference 2 and
duplicated using the AMP manual "you-fly-it" mode. Exact duplication
of the flight path is not practical with the current program,

although 1t may be closely approximated. Rotor energy at any point
in time is directly porportional to rotor speed (RPM), and in general,
the prediction of the rotor RPM bleed appears adequate for initial
studies. Improved program flexibility to better model specific flight
time histories and further improve the basic energy formulation could
be expected to improve correlation. To obtain satisfactory correla-
tion with the HERS data, it was necessary to model the engine power
time history. A typical breakdown illustrating the relative importance
of the various sources of energy in HERS autorotative landing tests

is shown in Figure 8. During these tests a large amount of residual
engine power remained, decreasing exponentially with time to idle
following throttle chop. Actual engine failure time histories may
vary considerably from the throttle chop time histories shown in the
HERS flight test., The very limited amount of existing data indicates
that actual emergency engine power loss may vary between instantaneous
failure to a slow failure over 30 to 90 seconds. The worst case of
power loss, that 1s, instantaneous failure of the engine, was used as
the design condition for most of the auxiliary energy concept designs
presented later in this paper.

In order to better evaluate the AMP automated H-V curve procedure,
the operational curves (based on td=2 sec, Vv =5 ft/sec, and

D
instantaneous power loss) were calculated using the automated
"minimization" scheme (Figures 9 through 12). The AH-1G and OH-58
operational H-V curves were reasonably approximated by the program,
Manual mode calculations for the UH-60 indicated no H-V avoid area
for the one-engine-inoperative (OFI) condition studied for vertical
touchdown velocities on the order of 8 ft/sec, in contrast to
Figure 11. The operator's manual claims no low speed avoid area for
the UH-60 at 16,000 pounds gross weight, SLS. (Note the scaling of
Fioure 11 and that of the other H-V curves for an indication of the
relative influence of OEI and power-off effects.) The Advanced Scout
Helicopter (ASH) projected H-V curve was expected to have autorotation
characteristics similar to the AH-1. Manual mode calculations indicate
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that the AMP "minimization" generated curve shown in Figure 12 is not
representative of the ASH design's true characteristics. Subsequent
computations with slight alterations to the input limits for minimum
touchdown rpm and maximum rotor thrust (C_/o) produced more realistic
H-V envelopes (very similar to the AH-1G results in Figure 9). 1In
summary, the automated method appears to give only a starting point o
for analysis. The program manual mode must be used to accurately i
determine the H-V avoid region.

Predesign Autorotation Criteria

A number of autorotation indices have been developed which allow
comparative evaluation of a helicopter's autorotational performance
without resorting to a detailed time history caleculation. References
1 and 5 review a number of these indices. The equation

(t/k) = IR ( 5202 — 522 min) seconds 1)

1100 SHPhover OGE

is typical of these indices. The mipimum rotor speed can be related
to maximum rotor 1lift capability by

2

27 min = CT/O
2 Z (2)
O —t——
t(l((:L )
nax
6

wvhere X1 = .8 and __

CL = 1.0 te 1.2

max

The primary limitation of indices such as (1) is that extrapolation
to a new design is difficult or impossible if the required information
on a similar design i1s not available. Estimation of actual power
required, the effect of all enerpv terms, the effect of vertical touch-
down velocity, and the variation of the index with the H~V curve must
be treated to accuratelv study the elimination of the "deadman's"
curve,

An empirical index for analvsis of helicopter autorotational perfor-
mance has been developed based on the data contained in References 2
and 6, This index relates the time of flight to the ratio of total
erergy available to average power required and is given as

t = PE+ KE + RE + FE + AE (3)
K SHP
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The flight time, t, hac been empirically related to the initial hover
height as shown in Figure 13. The crosshatched area of Figure 13
represents primarily the data from References 2 and 6 but also includes
data from References 7 through 11, The majority of the data for
current helicopters was found to be well represented by

t = (h/1.75)0° (4)

Fquations 3 and 4 define the minimum acceptable initial energy level
required to land with zero touchdown velocity from any height. The
power required, however, varies considerably during an autorotative
descent. This variation in power is primarily a function of main
rotor thrust, rate of descent, tall rotor thrust, and ground effect.
The average power during autorotation for the lower hover point ( 100
ft or less) was found to be about 83 percent (K = .83). Time
histories generated with the AMP indicate that X decreases with
increasing height. As the primary emphasis of this study was the
elimination of the H~V curve, no attempt was made to generalize K
with helght or initial velocity. The relation for t shown in Figure
13 was derived for maximum autorotative performance (t_ = Q) and a
vertical touchdown velocity of zerc. Equation 4 was mgdified to
include estimates of the effects of touchdowm velocity and time delays
such that

t=-~.38V + \/(.38V )2 + 7h + t (5)
VD VD

3.5

Equation 5 was derived based on an idealized model of a typical auto-
rotatjon acceleration-deceleration time history. This approximation
has shown reasonable agreement with AMP calculations, but should be
regarded as an area requiring additional study.

Equations 3 and 5 may be combined and solved for the desired unknown.
Typically, height would be specified and the desired quantity (i.e.,
inertia for a high energy rotor) may be determined as given in
equation 6,

1, = 1100
‘ 2z _ o [ ) - pE - B - kE] (6)

In general, it was found that the kinetic energy was negligible for
an initial tover condition at 100 feet or less.
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Auxiliary Rotor Enmergy Concepts for Autorotation

The approach of a related Independent Laboratory In-House Research
(ILIR) investigation currently underway is to examine the autoro-
tative performance benefits of several devices that have the effect
of augmenting helicopter main rotor energy.

Simply stated, this performance objective is to provide adequate
emergency pover to the main rotor, by either torque~free or torque-
generating concepts in conditions of partial power or zero power from
the primary propulsion system, to significantly reduce the baseline
vehicle H-V envelope. The ILIR investigation is concentrating on six
emergency pover concepts gleaned from the fairly comprehensive list
of candidate systems in Table B, The investigators felt that these
concepts ~- high inertia rotor, flywheel(s), tip rockets (solid and
liquid propellant), rocket turbine or auxiliary propulsion unit (APU),
and hybrid propulsion system -- offered the highest potential for
meeting the auxiliary rotor energy performance objective. An as-yet-
unpublished Applied Technology Laboratory report will detail the
efforts of this ILIR investigation and describe the selected concepts
and the associated pros and cons. This paper presents some initial
estimates of the cost (in terms of energy and weight) of two of the
above systems as well as some of the design options available and the
expected payoff of a successful system.

The autorotaticn criteria given by equation 3 were used to para-
metrically investigate the total energy required to eliminate the H-V
avoid region of the subject helicopters with both the high inertia
rotor and the solid propellant tip rocket auxiliary energy concepts.
This required energy is primarily a function of power required, which
is given as:

SHP = | (C,) 1.5 4 g4 (T_ QR T LR 1 ¢))
7-_2_":—-—' 8 CT 8 CTSSO n

Energy required increases with disk loading, design altitude, and

temperature as shown in Figure 14. These trends were essentially

independent of gross weight or auxiliary energy concept.

The relative rotor weight penalty to eliminate the H~V curve with a
higl inertia rotor is shown in Figure 15. The weight penalty is
strongly dependent on the rotor disk loading and the engine failure
time history. The relative weight penalty was insensitive to gross
weight. The baseline rotor group weight at all disk loadings was
predicted using statisical trend relations for advanced structural

126




'IIlIIl.-l-..llIlllIIlllIIllIIl-llllllIIIIllIII----'-'--F-"-'-'

PLEASANTS AND WHITE

technology. The baseline rotor group weight was then adjusted to a
constant autorotative performance (i.e., sare H-V curve) typical of
current helicopters. A significant portion of the blade weight
savings attributed to advanced structural technology was lost when
the baseline cases were adjusted to have the same H-V curve,

The OH-58A (3050 1b), the UH-60 (18000 1b), and a single-engine ASH
(5108 1b, DL=6) were selected along with the high inertia rotor and
the solid propellant tip rockets for point designs which would eliminate
the H~V curve at SLS conditions. The results of this study are given
in Table C. The weight penalty required to eliminate the H-V curve
for complete engine faflure and a collective control time delay of 2
seconds 1s very large for the high inertia rotor concept. Tip rockets
appear to offer a far more weight-efficient system, hut pose many
unanswered questions pertaining to rocket desigrn, systems dyramics,
and reliability. The RPM decay of the rotor fcr the OH-58A with the
two systems was generated with the AMP and 1s shown in Figure 16.

The difference in response is primarily due to the fact that the high
inertia rotor has no activation time delay and provides over the whole
flight, while the tip rocket has a finite activation time delay and a
limited time during which it provides energy to the system.

The influence of touchdown velccity on a high inertia rotor system
for an ASH design is also shown in Table C. Significant weight
reductions are possible through use of the landing gear and fuselage
to dissipate the energy of high touchdown velocities without injury
to the crew.

The twin-engine UH-60 was used to study the effect of both the power-off
and the one-engine-inoperative (OEI) conditions. The rotor energy of
the UH-60 is lower than that of most single-engine helicopters. The
design experiences a large weight penalty for an auxiliary energy
concept capable of eliminating the H-V curve for fallure of hoth
engines. For the loss of only one engine a2nd moderate touchdown
velocities (on the order of 8 ft/sec), calculations predicated no H-V
avoid region for a gross weight of 18,000 pounds at SLS. The weight
of either a high inertia rotor or a tip rocket system sufficient to
allow a zero touchdown velocity for the OEI condition was not
prohibitive.

Reyond the obvious safety aspects of having an on-board energy
augmentation source, the economical benefits could be substantial.
The data presented in ¥igure 2 indicates that 71 percent of all
emergency autorotation accidents were initiated by failures in either
the fuel system or the engine. Approximately 17 percent of these
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categories of accident: resulted in minor to major damage. Based on
the assumption that 67 percent of these fuel system and engine related
accidents would be preventable or at least attenuated with an
auxiliary energy device, the estimated value of the preventable damage
was $37,700,000 for a recent 7-year period.

Concluding Remarks

Areas in which significant progress has been made in providing an
improved autorotative landing capability include:

- The successful reduction or elimination of the "deadman's' curve
by the HERS, Fxcessive weight penalties (30 to 90 percent of useful
load) for complete elimination of the P~V curve (which implies total
power loss) make the HERS concept unattractive for all single-engine
vehicles.

- The develcpment of an analytical tool capable of evaluating new
auxiliary erergy concepts. Current efforts have identified the need
tec refine the basic AMP analvsis, with particular emphasis on the
determinction of optimum P-V curves.

- The developmert of new predesign criteria that may be used to
make preliminary estimates of the impact of auxiliary energy concepts.

~ The identification of a number of feasible approaches toward
providing high energy systems to eliminate the low speed H-V avoid
region. The use of the landing gear to absorb the energy of high
touchdown velocities can result in large reductions (up to 50 percent)
in the weight required for an auxiliary energy concept. Even with
the use of the landing gear capability, single--ngine helicopters
will require concepts with a high energy per unit welght (tip rockets
for evample) 1if the H-V avoid curve is tc bte eliminated at reasonable
weight penalty. The COET case for twin-engine helicopters greatly
reduces the BE-V curve compared to single engine designs. Herce, energy
augrenting concepts like the HERS, which are unattractive for single-
engine designs, may provide the best approach for twin-engine
configurations.

Lreas of ongoing work include:
- A detailed definition of the optimum approach and technology

necessary to improve helicopter autorotaticn without seriously
degrading vehicle agility and maneuverability,

128

—_—




PLEASANTS AND WHITE

- An improved analytical methodology that will encompass pilot
control techniques, touchdown dynamics, greater flexibility to determine

the optimun H-V curve, and improved overall accuracy.
- A definition of Army autorotation requirements.
Areas in which additional effort i1s planned or desired include:

- Improved accident statistics to allow determination of the
critical factors in unsuccessful autorotations.

- Flight simulator investigatior of integrated pilct technique
with autorotaticn assist concepts, pilet in-the-loop trainirg, and
electronic cockpit displays and/or automatic descent controllers.

- Experimental and full-scale investigations to update technology
contained ir much of today's analysis methodology and to design,
fabricate, and flight test helicopter energy augmentation concepts
for effectiveness, control technique verification, and cperationel
suitability.
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TABLE A
AUTOROTATIONAL PARAMETER SENSITIVITY TRENDS

PARAMETER EEFECY OM H-V
QH-8A AH-1G
DISC LOAD{NG (lNCREASE) DEGRADES DEGRADES
ALT[TUDE (INCREASE DEGRADES DEGRADES
C6 (MOVING AFT DEGRADES DEGRADES
ROTOR INERTIA (INCREASE) IMPROVES IMPROVESS
AL%ONABLE FkARE ANGLE DEGRADES DEGRADES
DECREASE
AIRFOIL (DECREASE DRAG) IMPROVES IMPROVES
TIME DELAY 3!NCREASE§ DEGRADES DEGRADE S
INITIAL Ny (INCREASE IMPROVES IMPROVES
AIRFRAME DRAG (INCREASE) DEGRADES DEGRADESS
AI?FRANE sr9r|c STABILITY NO CHANGE NOTED NO CHANGE NOTED
DECREASE
vE?TICAL IMPACT SPEED IMPROVE S IMPROVES
INCREASE
so?v ALTITUDE AT TOUCHDOWN DEGRADE S DEGRADES
DECREASE
MA¥. ALLOHA?LE ct/lo DEGRADES DEGRADESS
DECREASE
TABLE B

CANDIDATE AUTOROTATION DEVICES

TIP PULSE JET HIGH INERTIA MAIN ROTOR
TIP TURBO JET MOVABLE BLADE WEIGHT
TIP RAM JET MECHANICALLY DRIVEN GYRO
TIP ROCKET §L10u19) OR FLYWHEEL
TIP ROCKET (SOL1D HYDRAULICALLY DRIVEN GYRO
ROCKET TURBINE GAS GENERATOR ELECTRICALLY DRIVEN GYRO
AUGMENTED ENGINE GAS PHEUMATICALLY DRIVEN GYRO
GENERATOR
AUXILIARY POWER UNIT LLET AUGMENTATIQN
DUAL STANDBY ENGINE
PRESSUR|ZED GAS EJECTION LIET JET
HYBRID (AUXILIARY TURBINE GAS LIFT ROCKET §SOLID)
EJECTION AND SHAFT DRIVE) LIFT ROCKET (LiquiD)

COMPRESSED AIR EJECTION
WET OE! BOOST QTHER
DRY OE| BOOST

ROTOR OVERSPEED
ENERGY ARSQRPTION ROTOR BL co~rno>

ROTOR FLAPS aND/OR SLATS
PARACHUTE JET FLAPS
ATRBAGS AUTOMATIC POWER MANAGEMENT
LANDING GEAR JETTISONABLE COMPONENTS

VARIABLE ROTOR GEOMETRY
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TABLE C

WEIGHT AND ENERGY REQUIREMENTS
FOR TWO AUXIIIARY ENERGY CONCEPTS

ATRCRAFT CONCEPT Vi
(ft'sec)
OH-58A A (D Q
OH-58A A Q
OH-58A A Q
OH-58A B Q0
ASH A (D) 0
ASH A 0
ASH A 20
ASH A 42
ASH B 0
UH-60 A a
UH-60 A (2) 0
UH-60 A (2) 8
UH-60 B 0
UH-60 B (2) 0

Concept A - High Inertia Rotor
Concept B - Solid Propellant Tip Rockets

(1) Engine power time history typical of HERS flight test throttle chop

{(2) One Engine Inoperative (OEI)
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THE EFFECTS OF HIGH VELOCITY VARIABLE MASS
PROJECTILES ON THE MAXILLOFACIAL COMPLEX (U)

#WILLIAM R. POSEY, COL, DC
DUANE E. CUTRIGHT, COL, DC, EMERY A. RUSSELL, JR., COL, DC
JOHN F., NELSON, COL, DC
U. S. ARMY INSTITUTE OF DENTAL RESEARCH
WASHINGTON, D. C. 20012
V. ROBERT CLARE, et al*
CHEMICAL SYSTEMS LABORATORY
ABERDEEN PROVING GROUND, MARYLAND 21010

Introduction

The weaponry used against the United States Soldiers in the
Vietnam conflict produced wounds which required modification of numer-
ous accepted conventional treatment methods and also resulted in new
methods of treatment. However today with the scenarios predicting
the appearance of new small high velocity missiles, these treatment
methods may be outmoded. Therefore, if surgical treatment capabili-
ties and doctrine are to keep pace with these new advances in combat
arms, new baseline data must be found through controlled studies to
determine the morphology of wounds caused by such projectiles and to
establish and disseminate treatment data which will provide optimum
treatment to the soldier.

The inventories of fielded weapons of many nations include
anti-personnel weapons and devices with the capability of hurling pro-
jectiles of varying sizes (2-25 grains) at peak velocities which ex-
ceed 8,000 feet per second (fps). Due to the extremely high energies
and small sizes of these missiles, they produce entirely different
wounding patterns as compared to the so called '"conventional' weapons,
such as used in Vietnam, which imparted speeds usually not exceeding
3500 fps. Due to this lack of knowledge concerning wound production
and morphology, morbidity and mortality, it is imperative to generate
baseline data on such wounds for the combat casualty management teams.
Such information will enable these teams to c¢stablish methods and
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doctrine for casualty management usable in future conflicts.

The maxillofacial complex is the only vital area of the body
totally unprotected during combat and therefore highly subject to in-
jury by high velocity missiles in any conflict.

History of Combat Maxillofacial Wounds

A review of the literature suggests that most advances in the
surgical treatment of wounds have historically ocurred during periods
of combat or armed conflict. Although gun-powder-propelled missiles
have been used in combat for hundreds of years, it was not until the
Napoleanic Wars in the late eighteenth century that wide debridement of
wounds was initiated (Schwartz, 1944). This debridement was probably
quite crude because, as far as can be ascertained from the literature,
it was not until the Crimean War (Mid-19th Century) that recorded ob-
servations are available concerning a very important principle of de-
bridement. That is, the extensive vascular supply to the maxillofacial
region makes debridement of this region basically different from that
of other areas (Macleod, 1862). This principle, obviously, is just as
valid today as it was then.

As one would suspect of trench warfare, World War 1 produced
a high number of severe maxillofacial injuries; the trench protected
the body, the helmet protected the head, and the face was the major
point of exposure (Converse, 1942). He further attributed the severity
of these wounds to machine gun bullets and bomb fragments hitting and
penetrating the tissues of the face. His observations were substan-
tiated by data from the Army Surgeon General. 1In 8,000 facial injuries
to the American Expeditionary Forces, 3,000 proved to be fatal (Blair,
1943). This high incidence of facial wounds was probably the driving
force behind the sudden surge in the development of new maxillofacial
treatment techniques. According to Kelly, 1977, (a), "This was the
first time in recorded history that a universal attempt had been made
to accomplish reconstructive surgery in patients who had sustained
maxillofacial battle injuries."

There is a paucity of reports concerning the develop-
ment of new and better diagnostic procedures, surgical techniques,
and other methods for improved care of patients with maxillofacial
injuries resulting from conventional missiles from World War I
(WI) to World War 11 (WWII). 1In fact, in sp-ie of the advances made
in the management of maxillofacial wounds during WWI, the importance
of debridement was again overlooked at the beginning of WWll; however,
this serious error in the proper surgical management of the conven-
tional maxillofacial injury was soon corrected (Kelly, 1977 [b]).

A review of 2600 KIA's in Vietnam revealed that 46.67 had
head and neck wounds. In Maughon's (1970) discussion, he stated
"...the large number of head and neck wounds (46.6%) was impressive,
especially those where a single wound or small fragment was the only

138

o

-




*POSEY ,CUTRLIGHT,RUSSELL, NELSON, CLARE

apparent injury." When surgical treatment requircments are considered
for the combat environment, the other statistics of wound categories
are equally significant. Of the 303,469 war related injuries during
the period 1 January 1965 through 31 March 1973, 10-15Y were of the
maxillofacial complex (Tinder, et al., 1969).

The importance of information concerning combat casualty
management of maxillofacial injuries becomes cven more significant
when the following quotes from Emergency War Surgery NATO Handbook
(1975) (a,b) are considered.

"The number of high-velocity missile wounds has been increas-
ing in succeedinyg wars of modern times; the increase resulted from the
use of high-velocity small arms and automatic weapons together with
reintroduction of the Claymore mine which, upon detonation, emits num-
erous small spherical missiles at high velocity... Artillery, mortar,
grenade and mine fragments are irregular and vary not only in size and
shape but also in velocity. Both bullets and fragments are considered
to be primary missiles. Secondary missiles include shell wadding,
clothing, building material, rocks, and other objects which are conver-
ted into wounding missiles by the ettects of the primary missile." In
the maxillofacial area secondary missiles also must include tooth frag-
ments such as enamel, dentin and bone. "The type of wound which re-
sults from a missile mav be a simple contusion or a penetrating or
perforating wound. In a penetrating wound the kinetic energy is dis-
sipated wholly into the tissues. In a perforating wound, the amount
of energy imparted to the tissues is the diftference between the kinetic
energy remaining at the point ot exit and that present at the wound of
entrance. The density ot the tissues struck determines the nature of
the wounds as described above. Kocher demonstrated in 1876 that
tissues which contained larpe quantitites of witer (body fluids) were
most severely damaged , and Danicl, in 1944, corrclated the severity
of high-velocity wounds with the specitic pravity of the tissue in-
volved. Muscle is severely damaged because of its relatively high
homogenous density. In contrast, the Jung sustains less extensive
local destruction because of its low density, resulting in absorption
of less energy and a small temporary cavity., Tissues of varving den-
sity, such as fascia or bone, mav divert the direction of the missile,
resulting in bizarre wound tracts.'" This quote is particularly appli-
cable to the maxillofacial arca with its increasced blood supply,
covering muscle and bony framcwork.

Large projectiles are not necessary to produce incapacita-
tion, Small projectiles at hipher velocitices can create as much or
more incapacitation, the controlling tactors beim variations ot velo-
city and projectile size. Recent Jdata concerning loreiyn anti-per-
sonnel combat arms reveals that hand crenades, mines and other weapons
are caretully desipned and fabricated to deliver the lTaryest numbers
of small fragments in the 2 to W0 ;rain sice at very hich velocities.
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In an excellent study utilizing gelatin blocks, different sized
spheres, and velocities up to 2.09 Km/second (Charters and Charters,
1976), it was noted that "smaller projectiles will give up their

energy during penetration in a shorter distance than will larger pro-
jectiles of equal energy." To gain a better appreciation of the devel-
opment of a specific wound morphology, one of their observations is
quoted as follows: 'The tissue moves spherically away from the pro- ;
jectile, opening up a temporary wound cavity that is characteristic of ‘

high-velocity gunshot wounds. After the cavity reaches its maximum
volume, the tissue rebounds, collapsing into the cavity, leaving a
narrow residual wound track. The magnitude of the temporary wound
cavity is dependent upon the energy imparted by the projectile during
penetration of the tissue, since the energy decreased exponentially
with the distance penetrated."

When wounds of hard and soft tissues are evaluated (as
opposed to soft tissue only), major implications and complications
arise (Clemedson, 1973; Kabkob and Slepchenko, 1979). The striking or
wounding projectile may be the primary injuring missile, but it may be
only one of many contributors to the morphology of the wound. High .
velocity projectiles, striking bone and/or teeth, produce numerous ,
secondary missiles, all of which have the potential of high velocity
movement within the tissue. Obvicusly, any or all cof these secondary
missiles can produce extensive and distant damage in addition to the
damage of the positive and negative pressures resulting from the high
velocity of the primary missile. It is the combination of the effects
of the primary and the secondary missiles that are responsible for the
different wound morphology produced by high velocity missiles. It is
also this myriad of presentations in the maxillofacial region that
tests the surgeons diagnostic acumen, surgical knowledge and tech-
niques. How critical rapid accurate diagnosis and subsequent surgical
management of maxillofacial wounds becomes is evident when one consid-
ers the close proximity to the maxillofacial complex of numerous vital
structures, such as sight, smell, hearing, taste, airway, vascular
networks, and the brain. The implications of future social stigma due
to facial injuries must also be considered by the military combat
casualty management team at the earliest opportunity. h

Purpose of Study

This study, using controlled conditions, was designed to pro-
vide new data on potential wound morphology from high velocity pro-
jectiles of varying sizes by using simulants for human maxillofacial
hard and soft tissues. The validity of studying wound morphology in
gelatin blocks has again recently been substantiated by Dubin who in
1974 showed that there were remarkable similarities between gelatin
and freshly excised plg tissues. The data generated in this study
will answer the following questions and provide a more meaningful base
on which to improve and develop effective diagnostic procedures,
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surgical techniques, and enhance total patient care:

What are the effects of high velocity variable size projectiles
on the human maxillofacial complex? What is the morphology of
wounds created at these very high energy levels? Are current
diagnostic and surgical techniques adequate to provide optimum
care for injuries caused by varying sized projectiles impacted
at speeds in excess of 1,750 m/s (5250 fps)? Will the induced
morphology necessitate modifications of existing surgical tech-
niques or must new ones be developed?

A final justification of this study can be found in the
following quote from "Emergency War Surgery NATO Handbook" (c): "From
the medical standpoint, the surgeon must know the wounding capacity of
the weapons to assist in evaluating the extent of injury to achieve
the most effective therapy".

Methods and Materials

In order to study tissue changes resulting from the impaction
of high velocity missiles it was necessary to fabricate tissue simu-
lants for the high velocity study. These simulants were composed of
human skulls, purchased from Wards Natural Scientific Establishment,
Inc., P.O. Box 1712, Rochester, New York 14603, infiltrated by and
imbedded in Pharmagel "A" type gelatin to simulate the soft tissues
of the head. These tissue simulants in block form were then carved
to closely approximate the human facial conturs (see Figure #8).

Impact velocities were achieved via a precisely fabricated
launching device utilizing large capacity brass powder cases in high
pressure steel chambers threaded to long barrels to gain velocities of
5000 feet per second (fps) or higher, utilizing 2, 7, 16 and 55 grain
missiles. These missiles were fabricated in both spherical and cylin-
drical shapes from high carbon steel rods or special bronze alloys.
These missiles and the actual firings were carried out in a special
room in Chemical Systems Laboratory facilities at Aberdeen Proving
Ground, Maryland.

This study consisted of a total of sixteen (16) firings
with the following missile sizes:

55 grain 3 shots
16 grain 3 shots
7 grain 6 shots
2 grain 4 shots

Muzzle to target distance varied from 4.2 meters to 4.47 meters.
Muzzle velocitles varied from a low of 5637 fps to a high of 7340 tps.
Each firing and impact was recorded by high speed cinema-
photography at 2,000 and/or 30,000 frames per second to study the dis-
placement, deformity and extent of tissue alteration during impaction,
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penetration or perforation.
Immediately post-impaction, the gelatin-impregnated skulls

and any fragments were assembled, studied and photographed in order to i
assess tissue damage.
Findings

The following descriptions of selected firings are represen-

tative examples of the types of wound morphology found in this study.
Fifty-five grain missile at 6144 fps - impacted into a gel-
atin block measuring 5"X6"X15" and weighing 17 pounds.

The block was split into 3 pieces along nearly its entire
length. As the imparted energy of the missile was expended, the cavity
in the gelatin block opened to approximately 1) times its original
size. This created a negative pressure which pulled fragments of the
timing grid and other nearby debris into the wound, figure 1.

Fifty-five grain bronze cylinder fired at 6,104 fps impacted
into the right ramus of the mandible.

The right and left bodies of the mandible were completely
avulsed. Numerous small tfragments of bone and teeth were scattered
throughout the gelatin block, tigure 2, Both the right and left zygo-~
matic arches were separated at the suture lines. Much of the maxillary
tooth bearing bone was also avulsed, although the anterior maxillary
process was displaced but still present in the block. The extent of
involvement of the facial skeleton was only fully revealed after par-
tial removal of the gelatin, figure 2, After removal over 180 bone and
tootn fragments were found scattered throughout the oral cavity and
soft tissue, figure 3.

Sixteen grain missile impacted at the midline (symphysis) of
the mandible at 5746,I1L:

The entire anterior mandible was avulsed. Also all of the
maxillary teeth and part of the maxilla were avulsed. The entire an-
terior maxilla was displaced and the floor and wall of the orbit were
similiarly fractured and loosened, figure 4. Careful removal of the
gelatin revealed many sccondarv missiles had spread into the foramen
magnum and across the basc of the skull, figure 5.

Sixteen grain missile jqpuctvd at 7340 fps on the right Zygo-
matic Complex. Exit was at anblu ol lett mandLblc

The entire maxillofacfal « (umplc and base of skull were
fractured and displaced. The entire mandible and much of the maxillary
tooth bearing bone were missing, figures 6 and 7.

Seven grains impacted at 5637 fps into the zygomatic arch.

The zygoma, wall of the orbit and right condvle were all
fractured, figure 8. The wound tract (figure 9) traversed through the
oral cavity to the left mandible ramus where the missile stopped.  The
left mandible was not tractured. The extent of damage was not easily
ascertained until the pelatin was removed., This revealed multipl .
fragmentation ot both the maxilla and mandible, tigure 10. Many small
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Figure 1: Fifty-five grain
missile impacted at 6144
fps.

The block was split into 3
pieces and the resulting
cavity and negative press-
ure sucked in surrounding
debris. Arrows.

Figure 2: Fifty-five grain
bronze cylinder impacted
into symphysis of the man-
dible at 6109 fps.

Anterior view showing avul-
sion of anterior mandible
and much of the maxilla.
Hundreds of secondary miss-
iles of wvarious sizes can
be seen A. Suture separa-
tions are visible at B.
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Figure 3: Fifty-five grain
bronze cylinder impacted
into symphysis of the man-
dible at 6109 fps.
Composite of bone and tooth
fragments found when the
gelatin was removed. Frag-
ments smaller than 2-3
millimeters are not inclu-
ded.

Figure 4: Sixteen grain
sphere at 5746 f{ps impac-
ted at mandibular svmphv-
sis, lateral view.

Avulsion of anterior man-
dible and fractures of
maxilla and maxillary mol-
ars are seen at A, Ivyo-
matic and orbital fractures
are shown in B. Frapgrent
of target prid is shown

at C.
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Figure 5: Sixteen grain
sphere at 5746 fps im-
pacted at symphysis of the
mandible. Composite view.
Secondary fragments of bone
and teeth can be seen in
the Foramen Magnum and
across base of skull.
(Arrows).

Figure 6: Sixtecen grain
sphere impacted at 7340
fps into right zvgomatic
complex.

Gross fracture and dis-
placement is evident
throughout the maxillo-
facial complex.
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Figure 7: Sixteen grain
sphere impacted at 7340 ips
into right zygomatic com-
plex.

The fractures and displace-
ment across the base of the
skull are clearly evident.
The multiple fragments and
secondary missiles consis-
ting of bone and tzeth are
at bottom. .

Figure 8: Seven grain
sphere impacted into the
right Zygoma at 5637 f{ps.
Fractures of the zygoma,
condyle and orbit are
clearly seen,

1 ~/6 G
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Figure 9: Seven grain
sphere impacted into the
right Zygoma at 5637 fps.
Fracture of the Zyygoma is
evident at upper lett.
Wound tract (arrow) is vis-
ible traversing across oral
cavity to lett mandible.

Figure 10: Seven ugrain
sphere impacted into the
right Zvgoma at 5037 ps,
Composite view.

Multiple fragments includ-
ing many small tragments
within the vipht orbit
(arrow) are clearly evident.
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fragments were tound across the base of the skull and within the
right orbit.
Two prains impacted into the right zygoma at 5637 fps.
The right zygoma, coronoid process and articular emminence
were tractured with tormation of multiple small fragments, figure 11,
The 2 grain missile penetrated into the oral cavity, lodging in the
pelatin approximately 3 cm. lingual to the coronoid process, figure 12.
Discussion

The ggiafzn block firings demonstrate the soft tissue wound
morphology which could result from a 55 grain bullet or missile with a
speed of 6144 fps. The tremendous cavitation produces a wound and dis-
tant tissue damage much preater than that experienced with conventional
speeds of 3500 tps or lower. In this study similiar mass/velocity
impacts into the skull/mandible demonstrated avulsion of tissue, frac-
tures and a large number of secondary missiles. There were at least
180 major secondary fragments of bone and teeth. The wound pathways ‘
of these secondary missiles, the cavitation due to the high velocity '
and the primary missile wound tract would combine to form a wound
which would, in most cases, be tatal. This wound extension and con-
tamination would be greater and encompass more tissues, contain more
foreign debris and require much more complex and dedicated treatment
than those produced by lower speed missiles.,

The reduction of mass/velocity to 16 grains at 5746 tps still
produced signiticant avulsion of the bony facial skeleton and caused
sipniticant radtating non-displaced fractures of the frontal bone.
Again secondary missiles and contamination would have caused extensive
local and distant damape to various structures and the movement of
secondary missiles, especially tooth fragments, would markedly enlarge
the wound size and increase the complexity and scope of treatment.

The effects of increased velocity with a constant mass (16
prains at 7340 tps) produced only slightly less tissue destruction,
bone tractures and wound size as seen with the 55 grain missile at
6144 Teet per second. Again, this type of wound would, in most cases,
prove to be fatal.

In contrast reducing the mass/velocity figures to 7 grains
and 5637 tps champed the wound morphology significantly. There was no
wross tissue avalsion, although several fractures of the maxillofacial
skeleton vecured with minimal displacement of fragments. These large
bonv tragments were maintained within reasonable anatomic approxima-
tion.  smatl tragments did penetrate through several different struc-
tures including the Yoramen magnum. At this cnergy level and penetra-
tion sitey the missile did not exit the tissue but remained against
the mandible opposite the entry site.  This weand, although incapaci-
tating and possibly Lite threatening, would most likely allow for
successial treatment. However, the success or tailure might well de-
petd wpon the surgeons knowledge of the ditterences in morphology
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Figure 11: Two grain

sphere impacted at 5637 fps
into the right Zygoma.
Fractures of the coronoid
process, Zygoma and articu-
lar eminence are clearly
evident. Multiple small
fragments can be seen in
the area of the temporo-
mandibular joint and infra-
temporal space.

Fipure 12: Two grain sphere
impacted at 56737 tps into
the right Zygoma.

Green stick fracture of the
mandible is seen at A and
the missile 1s identified
at B.
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produced by high velocity missiles.

When mass/velocity figures were reduced to 2 grains at 5637
fps, there was a marked decrease in the severity of damage with mini-
mal fractures and few secondary fragments. Again, this small missile
did not exit.

The findings of this study indicate that an increased veloc-
ity produces greater cavitation in soft tissue with an expected in-
crease in the amount of contamination from protective gear, clothing,
soil, etc. This factor would be expected to cause an increase in wound
size, more distant disruptions along tissue planes, greater vascular
damage, increased damage to the central nervous system and increase
the number of secondary infections in comparison to conventional weap~
onry. A second important finding of the study is the increased num-
bers of secondary missiles produced by the impact of fast moving
missiles on bone and teeth. This increased fragmentation would be ex~
pected to cause larger total wound size, injury to more surrounding and
more distant structures, greater incapacitation and increased secondary
infections. This is especially true of hits shattering the hard enamel
of teeth.

These findings tend to re-emphasize the work of Mcleod who
stated that debridement around the maxillofacial area requires a dift-
erent approach. Similiarly, this statement from the Emeryencv wWar Sur-—
gery NATO Handbook needs restating, "From the Medical standpoint, the
surgeon must know the wounding capacity of the weapons to assist in
evaluating the extent of injury to achieve the most effective therapy."

In summary, this study has shown that the morphologyv of
wounds produced by weapons systems which produce ultra-fragmentation
into very small size particles JrTivered at very high velocities is
different from conventional sperd missiles and that presently acoepted
treatment modalities may well require alteratiou in order to produce
optimum treatment results., This is especially true in a small compact
area such as the maxillofacial complex which contains the very organs
responsible for sight, smell, hearing, taste and life itselt,

*The work done at the Chemical Svstems Laboratory at Edge-
wood, Maryland was also supported by Robert I, Carpenter, Alexander P,
Mickiewicz and John J. Holter.
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NONDESTRUCTIVE TESTING OF ARMAMENT~SYSTEM COMPONENTS
BY MEANS OF NEUTRON DIFFRACTION (U)
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ENERGETIC MATERTALS DIV., LCWSL
U.S. ARMY ARMAMENT RESEARCH AND DEVELOPMENT COMMAND
DOVER, NEW JERSEY 07801

I. INTRODUCTION

In recent years, increasing emphasis has been placed on
nondestructive testing (NDT) techniques for quality control in a large
variety of applications. Progress in this area has conslderable 3
importance for DOD because of the increasing complexity and cost of
armament systems and the inherent limitations of quality control by
means of traditionmal, destructive test methods. This is dramatically
illustrated by the on-going, multi-billion dollar DA plant moderniza-
tion project within which incorporation of state-of-the art NDT
methods 1s an essential part.

Various NDT techniques in which x-rays are employed (e.g.
radiography, diffraction) are already well established as quality
control methods. The use of neutrons which complements and parallels
x~ray techniques has been -- except for neutron radiography -- ne- N
glected for NDT, primarily because their use is generally limited to i
a laboratory environment (e.g. a research reactor). Despite this 5
current limitation, there has been a renewed Iinterest in utilizing
neutron scattering for certain technological applications. 1In

+
The authors are guest scientists at the Reactor Radiation
Division, National Bureau of Standards, Washington, D.C.
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particular, sizeable programs have been completed at European reactor
facilities and begun in the U.S. to construct sophisticated instru-
ments for small-angle neutron scattering.

In the present paper we describe the utilization of wide-
angle neutron diffraction for the nondestructive characterizatio:r. of
two properties of importance in metallurgical systems: texture (i.e.
preferred grain orientation) and residual stress. The complementary
nature of neutron diffraction relative to x-ray diffraction is illus-
trated by a detailed description of texture measurements for shaped-
charge liners and tungsten-alloy kinetic-energy penetrators. The b
potential of small-angle neutron scattering for nondestructive char- :
acterization of precipitates and voids in metals is also discussed. -

I1. BACKGROUND
A. General (1)

Thermal neutrons from a reactor beam tube are employed for
diffraction experiments; typically, neutron velocities of 2 km/sec
with an energy of 0.02eV and a wavelength, X\, of 2 A are in the useful
range. In contrast to x-rays, thermal neutrons have both energy and
wave-vector (2n/)A) in a regime characteristic of lattice vibrations or
phonons. Extremely important results relating to interatomic forces
have come out of the use of this property in inelastic neutron scat-
tering studies of condensed matter. Microstructural properties, such
as texture and residual stress, are probed by elastic scattering (2),
to which inelastic scattering contributes only a relatively small
background.

Neutron scattering processes can be described by approximat-
ing the nucleus as a hard sphere of radius 107!7 em. With x~-rays, the
atomic scattering factor is a function of scattering angle and is
proportional to atomic number. This results from the fact that with
x-rays the electrons are the scatterers so that the atom has a finite
dimension relative to the x-ray wavelength. This is not the case for
elastic scattering of neutrons by the nucleus so that the nuclear
gcattering power, called scattering length, b, is not angularly
dependent (except in the case of magnetic scattering which is ocutside
the scope of the present discussion).

Formally, the intensity measured in a diffractjon experiment
is proportional to the square of the structure factor F(Q) where

) [ T WO

F(a) = [o(;)eiq.rd;. (1)

154

\ ~




g

PRASK, CHOI & TREVINO

In Eqn. (1), p(;) is the "scattering density", 6 =%k, - k, is the
wave-vector transfer, k, = 21/X = k., and the integration is taken
over the sample volume. In the neugron scattering case

p(¥) = [ b s(F-T)) (2)

where by is the scattering length of each nucleus in the sample and &
is the Dirac delta function. From Eqns. (1) and (2)

N i~>.+
FQ = be Qry (3)

which gives rise to maxima in the intensity when the Bragg reflection
conditions are fulfilled, i.e. when

nA = 2d sin(6/2) (4)

where d is the plane spacing, 6 the scattering angle and n is an
integer.

Two important differences between x-ray and neutron scatter-
ing processes make the use of neutrons essential for certain applica-
tions. As mentioned above, scattering density in the x-ray case
varies continuously with atomic number. Scattering density in the
neutron case varies discontinuously with atomic number and, in fact,
differs for different isotopes of the same element.* 1In addition,
both types of radiation may be absorbed by the scatterers. Typical
absorption coefficients, y, for neutrons and x-rays are on the order
of 0.3 and 1000 cm™!, respectively, where intensity after absorption
is I = I exp(-px), with I the inftial intensity and x the sample

o)
thickness. For metallurgical samples, neutrons are, in general, on
the order of 1000 times more penetrating than x-rays of the same
wavelength. In Figure 1, the use of the penetrating power of neutrons
for wide~angle diffraction studies of bulk properties in NDT applica-
tions is shown schematically.

*Dramatic illustration of this is found in structural studies of
metal hydrides where hydrogen locations are invisible to x-ray but
not to neutron diffraction; substitution of deuterium for hydrogen
further enhances the sensitivity of the neutron method.
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Figure 1. Schematic drawing of stress or texture vs. depth
measurement. Heavier dashed and solid lines represent colli-
mators. Lighter lines represent neutron beam path.

the regions indicated by cross-hatching.

Tor single
scattering, neutrons reaching the detector can only come from
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Figure 2. Partial diffraction patterns for a .97 tungsten -

.018 nickel - .012 iron (by weight) KF penetrator sample.
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B. Metallurgical properties (3)

1. General: Metal end-items are composed of individual
crystallites or grains, the diameters of which may range from 1.00 mm
(ASTM No. -3) to 0.006 mm (ASTM No. 12). Although the intrinsic
properties of individual grains (e.g. elastic moduli, number and
orientation of slip planes) are important in determining the mechani-
cal characteristics of a specimen, the polycrystallinity introduces
properties which are often dominant. For example, grain size, intra-
and inter-grain boundaries, preferred grain orientation (or texture),
dispersion of precipitate particles and residual stresses are inter-
active (to varying degrees) and affect mechanical properties. In the
following subsections three of these properties for which neutron
scattering studies have been made are considered in greater detail.

2. Texture: A metal which has undergone severe deforma-
tion, as in rolling or swaging, will develop an overall preferred
crystallograpbic orientation or texture. That 1is, the individual
grains tend to orient themselves in a preferred manner with respect to
the direction of maximum strain. This arises from the tendency of
slip planes in single crystals to rotate parallel to the axis of
principal strain. Individual grains are anisotropic but their random
aggregation leads to isotropy with respect to mechanical properties.
However, preferred alignment of grains introduces anisotropy in
mechanical properties which leads to uneven response of the material
during forming and fabrication processes and in use.

3. Residual stress: A body which has undergone nonuniform
plastic deformation can retain a system of stresses within the body
after the external forces have been removed. Macro residual stresses
vary continuously through the volume of the body over regions which
are large compared with atomic dimensions. They are produced by
virtually all forming operations, welding, nonuniform cooling of
ingots and electroplating. The important point to be made is that the
response of a body in a particular application includes the super-
position of the external stress system and the residual stresses. For
example, a compressive residual stress (as produced by autofrettage of
gun tubes) will reduce the effectiveness of an applied tensile stress
in producing fatigue failure, while residual tensile stresses will
increase the ease with which failure occurs.

Another type of residual stress, microstress or textural
stress, should also be mentioned. These stresses act over dimensions
as small as several crystallographic unit cells but may extend
throughout a grain, Stress developed around a second-phase precipitate
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is an example of this. Nitriding and carburizing are processes in
which microstresses around each particle produce a macro residual
itress on the treated surface.

4. Second-phase hardening: Most commercial alloys contain b
a heterogeneous microstructure consisting of two or more metallurgical ,
phases. The strengthening produced by a fully dispersed insoluble !
second phase in a metallic matrix is known as dispersion hardening.
Precipitation hardening, which also produces strengthening, is
achieved by solution treating and quenching an alloy in which a
phase in solid solution at elevated temperatures precipitates upon -
quenching and aging at a lower temperature. Many of the factors which '
affect strengthening, such as size, shape and number of the second
phase particles, have been very difficult to measure with any degree
of precision. ‘
The following section describes armament components in which -4
texture, residual stress and precipitation hardening are known to be
important for optimizing performance, and the use of neutrons for .
characterizing these properties.

III. RESULTS AND DISCUSSION
A. Texture

1. Tungsten-alloy KE penetrators: Kinetic-energy penetra-
tor rounds represent a major part of the Army's armor-defeating
weapons. With continual improvements in fielded armor, increased
penetration is necessary, preferably without increases in size or
weight of the rounds. In this subsection we examine one property of
state-of-the art tungsten-alloy penetrators: the anisotropy of
texture produced by various types of cold working.

The samples are composed of tungsten, nickel and iron in a
wt % ratio of 97/1.8/1.2. Sample preparation - which involves iso-
static pressing, sintering, heat treatment and cold working - leads to
a system consisting of a '"tungsten' phase (96.5 wt %) and a "matrix"
phase (3.5 wt %). The approximate compositions by weight of the two
phases are 99.7W - 0.1Ni - 0.2Fe and 55Ni - 23Fe - 22W, respectively.
The potential of neutron diffraction for studies of this type of
sample can be inferred from Figure 2 in which partial x-ray and
neutron diffraction patterns which cover the same range in lattice
spacing are shown. The full diffraction patterns show that the
tungsten phase can be indexed according to the becc tungsten structure
with a = 3.160(1) A, and the matrix phase can be indexed according to
a fcc nickel structure with a = 3,586(1) A. For alloys of these
compositions and relative concentrations, the matrix phase is
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w(110) w(200) Ni(un

5205V

Figure 3, Texture distributions for the three 8% cold-worked
tungsten-alloy penetrator samples described in the text. The
center of each figure corresponds to the cylinder-axis direc-
tion; the periphery of each figure corresponds to a 707 tilt
with respect to the cylinder axis. Angular displacement around
the periphery corresponds to rotations of the sample about its
own axis. Contour lines show "random" and 157 increases in
orientation with respect to random (dashed contour = decrease).

Figure 4. W(110)-on left-and Ni(11l1l) textures for a 16% R.A.
| swaged sample.
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virtually invisible to x-rays. In contrast, two matrix-phase peaks
are clearly visible in the neutron pattern which makes possible
texture studies and, in principal, residual stress studies of the
matrix phase.

Texture resulting from various types of cold working have
been measured for these types of alloys. 1In Figure 3 are shown pole-
figure patterns for one matrix-phase and two tungsten-phase reflec-~
tions. These were obtained for a 1 cm region at the leading or front
end of the 0.7 cm diameter, 10 cm long small-scale penetrators. The
three sets of pole figures correspond to samples which have been cold
worked by "upsetting" with an 8% increase in cross-section (5904), and
swaged with an 87 reduction in area (5903 and 5905). Cold working of
the latter pair was performed at two different fabrication facilities.
As one would expect, the fiber textures of the "upset" and swaged
samples are different. On the other hand, the pattern of sample 5903
is essentially untextured, whereas that of 5904 shows definite texture
in the tungsten phase for nominally, the same cold working. The
matrix phase (111) pattern shows little if any clear texture.*

In contrast to the above results, samples which have been
swage’ to a 16% reduction in area show very pronounced tungsten and
matrix phase textures (Figure 4). The high degree of axial orienta-
tion of the (111) slip planes in the 16% R. A. penetrators relative to
the 8% cold-worked samples suggests the possibility of quite a differ-
ent response to axial stresses in the two types. Although much less
pronounced, there is some indication of differences in (111) slip
plane texture among the three 8% cold-worked samples. Since the
matrix phase is the binder which provides cohesion and strength to the
penetrators, test-firing of inspected penetrators -- which is possible
because the neutron measurements are truly nondestructive -- is
imperative to further test these possibilities.

2. Metallurgically-compensated shaped-charge liners: The
second major type of armor-defeating round employed by the Army
utilizes the shaped-charge principle. A typical shaped-charge missile
has a steel body fitted at the forward end with a cone-shaped metal
liner (as shown in Figure 5) whose apex extends backward into the body
cavity. On impact, the detonation wave of the charge collapes the

*A pole figure is a map o1 the orientational distribution of the
normal direction to a specific crvstallographic plane (2). The
diffractometer geometry 1s fixed t» observe scattered radiation for
the Bragg reflection of interest, and the sample rotated - over as
large an angular range as possible - about two mutually perpendicular
axes. The pole figure is a two-dimensional map of intensity maxima
and minima as a function of sample orientation.
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¢ -axis

Figure 5. Shaped-charge liner and scattering geometry for
neutron diffraction texture measurement.

‘ “
8(2) 8t
\ <— |ayer |
} \ NS L K <+— loyer 2
Figure 6 Schematic 1illustration of sample volume vs. Bragg

angle for two-layer, thin sample.
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‘ cone from apex to base sequentially and produces a long narrow jet of 3
. cone material traveling along the cone axis with extremely high speed.

‘ This jet, which is solely responsible for producing the deep hole in

armor, breaks up prematurely when the projectile is rotating about its

axis at impact. "Spin compensation’ is the term applied to methods

employed to counteract degradation of the jet because of rotation.

Spin compensation can be achieved when the cone-shaped metal
liner is manufactured by the rotary extrusion process. It has been
shown by x-ray diffraction (5) that the critical parameters in this
case are related to the alignment of slip planes and slip directions
in the cone. However, a quantitative correlation between these
metallurgical properties and spin compensation (or performance) has .o
never been established because of the lack of a nondestructive tech-
nique for determination of texture.

Ar the 1976 Army Science Conference we demonstrated that o
neutron diffraction could be used to nondestructively determine the ‘
average texture within the liner wall (6). However, the desired non-
destructive determination of texture as a function of depth in the
liner wall did not appear possible (by, for example, the technique
shown in Figure 1) because the wall was too thin relative to minimal
neutron beam dimensions.

Since then we have conceived and tested an approach by which
the needed measurement becomes feasible (7). The method makes use of
the fact that for an appropriately masked sample, as shown in Figure
6, different depths are probed for a given set of crystallographic
planes by changing the Bragg angle. With reference to Eqn. (4), this
is achieved either by changing wavelength (which is continuously
variable in the neutron case) or by examining higher orders of a given
reflection (e.g. 220 or 330 and 110). For a two layer sample, as
shown in Figure 6, in the 0(2) Bragg-angle configuration a volume is
examined which is almost entirely layer 1; the 0(1) configuration
includes layer 1 and layer 2 almost equally. Since the overall
geometry can be measured to very high precision, appropriately
weighted differences of scattered intensities allow separation of the
layer 1 and layer 2 textures. The method has been tested with strik-
ing success for a two-plate, flat Cu sample (7). The (200) plane
texture for each 0.8 mm thick plate was extracted from (200) and (400)
texture distributions of the two plates together.

The method has now also been applied to the principal
problem of interest: texture as a function of depth for a metallurgi-
cally compensated 105 mm HEAT-T liner. Measurements were made
employing a diffractometer with {ixed wavelength (1.26 A) so that only
limited characterization was possible. Nevertheless, at a position
25.4 mm above the base (sce Figure 5), the average orientation of the
(111) slip planes within two layers was obtained. 1In Figure 7 texture
distributions are shown for (111) and (100) reflections for the total

Y
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200 BULK 400 BULK

oy Iv“

100 TOP 100 BOTTOM

111 BOTTOM

Figure 7. Textures for shaped-charge liner obtained as described
in the text. The center of each figure corresponds to the
normal direction to the cone surface. The cone-apex direction

is toward the top of the page. Other details as in caption,
Figure 3.
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thickness and the extracted average textures for the 0.5 mm thick
"surface'" layer and the 2.3 mm thick lower layer. As one would
expect, the rotary extrusion fabrication process produces a texture
gradient across the thickness of the liner. Our technique and mea-
surements are the first nondestructive characterization of these
texture gradients which, when pursued under optimized conditions, have
the potential for providfng the first texture gradient vs. performance
correlation for metallurgically compensated shaped-charge munitions.

B. Residual Stress

Macro residual stresses have long been recognized to be of
great importance in determining the lifetime and performance of
armament-system components in the field. Programs to measure residual
stresses in such diverse items as helicopter rotor blades and hubs,
high performance gears, gun tubes, tank track pins and torsion bars,
KE penetrators, shaped-charge liners, shell-casings and the general
category of weldments are, or have recently been, active. Micro-
stresses are believed to be of less importance than macro residual
stresses in hardware and will not be considered here explicitly.

Among nondestructive techniques for measurement of residual
stress, x-ray diffraction and ultrasonic methods have received the
greatest attention. The former has, in fact, been developed to the
point where portable equipment for in~field inspection is available.
Because of the limited penetration of x-rays in the energy range
suitable for diffraction, this technique is truly nondestructive only
for surface measurements. Ultrasonic methods show great promise for
characterization of residual stress gradients in the bulk of metal-
lurgical samples. However, the presence of internal interfaces,
preferred grain orientation and other inhomogeneities introduce large
uncertainties into the measurements.

" In principal, neutron diffraction techniques -~ as in the
case of texture -- exactly parallel x-ray methods for residual stress
measurement. The enormously greater penetration of neutrons makes them
potentially useful for nondestructive determination of residual stress
gradients in the bulk, following the approach illustrated in Figure 1.
However, the measurement of residual stress by diffraction methods is
much more difficult than texture measurements. The determination
consists of measuring strain resulting from residual stress as mani-
fested by the changes in d-spacing and angle of Bragg reflection (see
Eqn. 4). Depending on the lattice planes examined and the radiation
wavelength, the change in 8/2 iz on the order of 0.05° in going from
unstrained sample to the yield point. Neutron diffraction measure-
ments benefit from the fact that lineshapes of diffracted peaks arc
Gaussian, which is a considerable aid in analysis. On the other hand,
intensities available at even the best of research reactors is less by
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orders-of-magnitude than that of analagous x-ray diffraction instru-
ments. This limitation makes the counting time necessary for the
measurement of subtle shifts in peak positions impractically long with
current 'standard" neutron diffractometers. The introduction of
focused beams and position-sensitive area detectors would alleviate
this difficulty. We have, therefore, concentrated on the more funda-
mental questions related to the determination of residual stress by
neutron diffraction.

Studies which have been completed have established that:
1) no competing effects (e.g. multiple scattering) distort the peak
position obtained in the subsurface type of measurement illustrated
in Figure 1; 2) the two-dimensional (x-ray) formalism for extraction
of stresses from measured strains can be extended to three-dimensions;
and 3) because of the Gaussian peak shape the Bragg peak centroid can
be determined to on the order of thousandths of a degree even though
the resolution is on the order of a degree. The confirmation of the
last point is illustrated in Figure 8 in which measured radial strain
vs. applied stress is shown for a steel rod in axial tension. The !
results for two crystallographic planes are shown and the ratio of
elastic modulus to Poisson's ratio extracted from the measured slopes .
are in excellent quantitative agreement with theoretical values for
polycrystalline samples reported in the literature (8).

Current work in this area is directed toward the determina-
tion of three-dimensional stress gradients in a prototype sample
employing a well-collimated beam. Armament components of simple
geometry such as KE penetrators would follow.

C. Second-phase Hardening

Small-angle x-ray scattering (SAXS) has been used to study
small-concentration precipitates in alloys for decades (9). This
approach also makes use of Bragg scattering (Egqn. 4), but in this case
scattering which takes place within a few degrees reveals structural
properties in the 10 to 1000 A range. With the development of area
detectors and new high flux reactors, small-angle neutron scattering
(SANS) has in the last few years also been brought to bear on the
study of this area of physical metallurgy. Becausc of the great
penetration of the n- utron and the different scattering selectivity
relative to x-rays, previously unexplorable problem areas now may be
amenable to solution, some of them in the context of NDT.

To date, the most interesting SANS work in the area of tech-
nological alloys has been done by a group from the FIAT Co. One
example of their efforts is the study of the evolution as a function
of service time of the y' precipitate in nickel-base, superalloy
UDIMET-710 in turbine blades (10). They clearly observe the acceler-
ated growth of the y' particles prior to failure,
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At the NBS reactor a state-of-the art SANS instrument is

nearing completion. An interim facility has been operating with which

a variety of problems have been studied in a preliminary way. In the

metallurgical area, SANS has been used to study creep-induced voids in

iron (10). Fe-0.2% Ti subjected to a ¢ = 35 ksi, € = 1.2% stress at
500°C showed voids of 360 A average diameter with SANS but not with
SEM. These results illustrate the relative ease by which SANS can

characterize metallurgically important defects in the nucleation stage

nondestructively.

Upon completion of the new facility, second-phase hardening
studies for armament related alloys will be pursued. Among these, the
effect of cold work and heat treatment on precipitates in new,
tungsten-based, KE penetrator alloys requires immediate characteriza-
tion.

IV. SUMMARY AND CONCLUSIONS

In the present work we have described the limitations and
advantages of neutron diffraction for nondestructive determination of
certain properties in metallurgical samples. In the area of residual
stress, several necessary tests of the neutron diffraction method
have been made and it has been shown for the first time that the
technique has the potential for determination of three-dimensional
stress gradients in the bulk.

In the area of texture or preferred grain orientation deter-
mination, both neutron selectivity and penetration have been used for
specific armament system applications. We have conceived and tested a
method by which texture can be characterized nondestructively in
samples which are thin relative to typical neutron diffraction beam
dimensions. The method has been applied to the long-standing problem
of texture determination in metallurgically compensated shaped-charge
liners, and the first - though not yet complete - nondestructive
measurement of texture as a function of depth in a shaped-charge liner
has been achieved.

The neutron diffraction technique has also been employed for
the first time to determine nondestructively, textural anisotropy in
the matrix phase of tungsten-alloy KE penetrators. Because of the
enormously greater x-ray scattering from tungsten relative to nickel
or iron, this type of information is unobtainable either destructively
or nondestructively except by means of neutrons.

Results obtained by means of small~angle neutron scattering
have been outlined which demonstrate a capability which will be
employed in the area of second-phase precipitates.

In summary, although neutron diffraction techniques for NDT
are limited to laboratory environments, there are numerous examples
where needed information cannot be obtained by any other means. 1In
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these cases the neutron techniques - since they are nondestructive -
are seen as a means by which property/performance correlations can be
determined and specifications established for routine inspection by
other, more portable methods.
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CHEMILUMINESCENCE IMMUNOREACTIVE ASSAY (CLIA):
A RAPID METHOD FOR THE DETECTION OF BACTERIAL AND VIRAL ACENTS -
FRANCISELLA TULARENSIS, LIVE VACCINE STRAIN (LVS) AND VENEZUELAN
EQUINE ENCEPHALOMYELITIS VACCINE STRAIN (VEE TC-83) (U)

*DOUGLAS W. REICHARD, MAJ, MSC, ROBERT J. MILLER, JR., 1LT(P), MSC
U.S. ARMY MEDICAL RESEARCH INSTITUTE OF INFECTIOUS DISEASES
FORT DETRICK, FREDERICK, MARYLAND 21701

The ability to detect rapidly, small numbers of microorganisms is
of great military importance. 1In the case of a biological warfare
attack, it is imperative that field commanders be informed as rapidly
as possible as to the nature and consequences of the causative agents.
Currently, there are no methods for rapid identification of potential
BW agents during military operations. We describe efforts to develop
a rapid diagnostic procedure for the specific detection and identifi-
cation of microorganisms of military importance using a chemilumines-
cent immunoreactive assay (CLIA).

Chemiluminescent reactions have been used to determine picomoles
of hematin compounds (1-3), as well as direct estimation of bacterial
concentration (4). Combination of the solid-phase enzyme-linked immu-
noassay (ELISA) and CLIA (5) has resulted in ultrasensitive determina-
tions of bacteria (6), viruses (7), and enterotoxin (8) concentra-
tions. As previously reported (9), a polystyrene solid-phase, peroxi-
dase-labeled antibody immunoassay based on the luminol-Hy07 reaction
was used to measure 10l to 102 bacteria.

Part I of this paper describes the use of antibody covalently
bound to polyacrylamide beads (10) for the determination of virion
concentrations using a luminol CLTA. Part II describes work on a CLIA
for determination of bacteria utilizing passively adsorbed antibody
on polystyrene beads.
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Part I. Venezuelan Equine Encephalomyelitis (VEE) TC-83 Assay

Robert J. Miller, Jr.

MATERIALS AND METHODS

Apparatus: The chemiluminescent (CL) luminol analyses were per-
formed using a Chem-Glow Photometer (Aminco, Rockville, MD) and peak
flash heights measured on a potentiometric recorder, 50 mV setting
(Aminco). Radioimmunoassay samples (RIA) were counted on a Searle (Des
Plaines, IL) Mark IIT liquid scintillation counter. Centrifugations
were carried out in an IEC PR-6000 (Damon/IEC Division, Needham
Heights, MA) (2500 x g, 4°C, 15 min, unless otherwise noted). All test
tubes and reaction cuvettes (6 x 50 mm) were of borosilicate glass
(Kimble Products, Toledo, OH).

Reagents: All buffers and assay reagents were made up in dis-
tilled water which had been passed through Barnstead ultra-pure mixed
bed and combination cartridge demineralizers.

Sera: Hyperimmune monkey anti-VEE serum was kindly provided by
Animal Assessment Division (USAMRIID). A crude immunoglobulin frac-
tion was prepared from a 407 (w/v) (NH4)2SO4 precipitation which was
dialyzed exhaustively against 0.01 M potassium phosphate buffered sa-
line, pH 7.4 (KPBS). Crude immunoglubulin (10 mg) was then applied to
a 0.9 x 10 cm column of protein A-Sepharose 4B-CL (5 mg, Pharmacia
Fine Chemicals, Piscataway, NJ) which had been pre-equilibrated with
KPBS, pH 7.4, containing 0.17% azide as preservative. The column was
then eluted with buffer until the absorbance at 280 nm was negligible.
Bound IgG was eluted with 0,1 M acetic acid-0.15 M saline (11); peak
tubes were pooled and dialyzed exhaustively against KPBS. The monkey
IgG anti-VEE (MaVEE) fraction was stored at 4°C as a stock solution of
2.7 mg/ml, with a titer of 1:1024 as determined by protein A-radioimmu-
noassay (12). Purity of the fraction was determined by crossed immuno-
electrophoresis which indicated only one precipitin band, corresponding
to IgC.

Conjugate: Horseradish peroxidase (HRPO)-conjugated rabbit anti-
monkey I4+G (RaMP) was obtained commercially from Cappel Laboratories,
Inc. (Cochranville, PA), or prepared using the method of Nakane et al.
(13), using HRPO type VI, from Sigma Chemical Co. (St. Louis, MO) and
rabbit anti-monkey IgCG from Cappel Laboratories. Both types of peroxi-
dase conjugates were further purified by protein A column chromato-
graphy as previously described. RaMP with a HRPO:1gG molar ratio of
3:1 was stored at 4°C in KPBS, pM 7.4 with 0.17% NaNj. Horseradish per-
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oxidase concentration was determined by the luminol H70) chemilumines-
cent reaction (1,2),

Chemiluminescent Reagents: The Chemical Systems Laboratory
(Aberdeen Proving Grounds, MD) kindly supplied a stock solution of
1.5 mM luminol containing 0.1 N NaOH, and 17 ethylenediamine tetra-
acetate (EDTA) in deionized Hp0. Fresh 3% H902 in 1% EDTA, deionized
Hy0 was prepared from stock 307 H202 (J. T. Baker Chemical Co.,
Phillipsburg, NJ) prior to each assay.

Solid-Phase Support: MaVEE was covalently linked to polyacryl-
amide beads (Immunobeads, Bio-Rad Laboratories, Rockville Centre, NY)
following manufacturer's recommended procedure. One-ml samples of
1 mg/ml MaVEE-beads (untreated as well as 47 BSA-treated) were stored
at 4°C in KPBS, pH 7.4, with 0.1% NaNsy.

Virus Preparation: Serial log dilutions of sucrose gradient
purified TC-83 (graciously supplied by Dr. Jahrling, Virology Division,
USAMRIID) were prepared in 1% BSA-KPBS, pH 7.4. Serial dilutions of
reconstituted live attenuated VEE vaccine (NDBR 102, National Drug
Company, Philadelphia, PA) were prepared in deionized Hp0 or 0.05%
Tween 20 (Sigma).

Chemiluminescent Immunoassay (CLIA) Procedure: One ml of each
virus dilution was reacted with 100 ul of MaVEE-bead in 10 x 75 mm
borosilicate glass test tubes and incubated from 4 to 6 h at 37°C with
mild agitation. Antibody bead-virus complex was centrifuged at 2,500
x g for 30 min at 4°C. The pellet was then washed once with 3.0 ml
KPBS, vortexed, and recentrifuged. Next, the supernatants were gently
decanted, and the pellets resuspended with 1 ml RaMP (60 ng/ml). Fol-
lowing an incubation of 2 h at 37°C, the mixture was again centrifuged
and the supernatant and pellet assayed by the luminol-H202 chemilumi-
nescent reaction described below,

Supernatant Assay: To each 6 x 50 mm reaction cuvette were added
100 ul of supernatant and 100 ;1 of 30 M luminol reagent. After
mixing and a 5 to 10 min incubation at room temperature, the reaction
cuvette was placed in the reaction chamber of the photomultiplier mi-
crophotometer and 100 ;1 of fresh 37 Hp0) injected. The chemilumines-—
cent peak flash height was measured and recorded as relative light
intensity in millivolts.

Pellet Assay: Pellets were resuspended in KPBS and centrifuged
for 10 min. This washing procedure was repeated three times. Follow-
ing the final wash, pellets were resuspended by vortexing in 1 ml
0.1 N NaOH 17 EDTA reagent. After allowing the mixture to stand for
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10 to 15 min, 100 1 aliquots were assayed by the luminol-H202 method
described above. (A minimum of five replicates was assayed for each
supernatant or pellet of virus dilution tested.)

1 Radioimmunoassay (RIA) Procedure: To 12 x 75 mm borosilicate

E glass test tubes were added 50 yl of 1 mg/ml antibody bead, 50 yl tri-
tiated TC-83 (109 PFU/ml) supplied by Dr. Jahrling and 1.0 ml of virus
preparation. Following an incubation period of 18 to 66 h at 37°C, the
tubes were centrifuged and supernatants and pellets were assayed as
follows: 200-ul samples of supernatant were mixed with 6 ml of scin-
tillation cocktail and counted for 10 min; pellets were washed once with
KPBS, centrifuged, and resuspended with 0.5 ml 0.05% Tween 20. The
resuspended samples were transferred to scintillation vials, 6 ml of
cocktail added, and counted for 2 min.

RESULTS

As shown in Figure 1, various ranges of viral concentrations were
detectable by varying the concentration of antibody bead. The maximum
chemiluminescent response (CL) is directly proportional to the maximum
binding of labeled second antibody. Bound second antibody is indirect-
ly proportional to the concentration of bound virus. As the concent-
ration of virus increases per antibody bead concentration, the binding
of labeled second antibody decreases, which results in a decrease in
the measured CL response, Therefore, as the concentration of virus
approaches saturation of the antibody bead, the CL response approaches
background (endogenous) chemiluminescence.

PN

100 g MoVEE-BEAD

CcL UNMITS 21072

LOG VEE -TCB3 PFuy

Figure 1. Chemiluminescent Analyses. 100, 50, and i
20 ul of stock MaVEE-bead (1 mg/ml) incubated 4 h I
with sucrose gradient purified TC-83 followed by a
1 h incubation with 1 ml RaMP (60 ,g/ml).
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In order to confirm the CLIA results, a RIA competitive antigen
binding assay was examined using tritiated TC-83 in competition with
sucrose gradient purified TC-83 and live attenuated VEE vaccine. Both
BSA-treated and untreated antibody beads were used in the assay. The
RIA results of a 66-h incubation with sucrose gradient purified TC-83
are shown in Figure 2. Figure 3 shows the results of an 18-h incuba-
tion with live attenuated VEE vaccine. In both cases the same degree
of sensitivity and detection limits were achieved with a 6-h CLIA.

1001

% BOUND

L4 R 7 T T T —

3 4 5 6 7 8 9
LOG, TC-83 PFU/mI

! :
0 1 2

Figure 2., RIA Pellet Analysis of Sucrose Gradient
Purified TC-83. 50 pl MaVEE-bead (1 mg/ml), 50 nl-
tritiated TC-83 PFU/ml), and 1.0 ml TC-83 dilution,
incubated for 66 h,
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Figure 3. RIA Supernatant Analysis of Live
Attenuated VEE Vaccine. 50 .l MaVEE-bead

(1 mg/ml), 50 ul tritiated TC-83 (109 PFU/ml),
and 1.0 ml vaccine dilution, incubated for 18 h.

DISCUSSION

The use of RIA and ELISA for determinations of antibody and anti-
gen concentrations is well-documented (14-18). As described in this
paper, a CLIA method has been developed which parallels the reported
sensitivity of RIA and ELISA, but offers several advantages. CLIA
uses a covalently bound antibody-solid phase system, which eliminates
the problems of desorption of antibody that occur during washing in
the ELISA system (19,20). The CLIA-luminol system does not require
the use of radicactive materials as does RIA, and therefore is not de-
pendent upon radiocactive half-lives in reagent shelf life, as well as
the hazards associated with radiocactivity. The luminol based assay
also does not require an enzymatically active label as does ELISA.
The chemiluminescent response in the CLIA-luminol system is dependent
on heme concentration (1,2,4) present in the conjugate.

Finally, the viral CLIA system described requires only 6 h to de-
tect 102 PFU of virus; standard RIA and ELISA procedures (11,12,14,15,
17) require 18 to 48 h for detection, while other luminescent proce-
dures (7) indicate detection limits of 106 PFU,

Currently, other group A arboviruses are being tested for speciti-

city ard possible cross~reactivity., The CLIA syvstem will also be exa-
mined for detection of other potential BW viral agents.
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PART II. Francisella tularensis Live Vaccine Strain (LVS) Assay

Douglas W. Reichard

MATERIALS AND METHODS

Apparatus: Equipment and reagents were identical to those des-
cribed in Part I.

Sera: Hyperimmune anti-Francisella tularensis serum was obtained
from rabbits inoculated in the foot pads with 1010 (0.5 ml total) F.
tularensis live vaccine strain (LVS) and followed 28 days later by
intramuscular inoculation of 1010 LVS. Rabbits were exsanguinated on
day 46; serum was separated. A crude immunoglobulin fraction was pre-
pared from a 40% (w/v) (NH4)2S04 precipitation which was dialyzed
against 0.01 M KPBS, pH 7.0. Crude immunoglobulin was further purified
on protein A-Sepharose as described in Part I. Rabbit anti-F. tula-
rensis (RaFT) was stored at 4°C in 0.01 M KPBS with 0.1% azide.

Conjugate: Horseradish peroxidase conjugated goat anti-rabbit
IgG (GARP) was obtained commercially (Miles Laboratories, Inc., Elk-
hart, IN). Peroxidase conjugates could be further purified on protein
A-Sepharose.

Chemiluminescent Reagents: The luminol and hydrogen peroxide rea-
gents were as described in Part I.

Solid Phase Support: RaFT (1.2 mg) was passively adsorbed to 400
frosted 1/8-in diameter, polystyrene beads (Clifton Plastics, Clifton
Heights, PA) in 25 ml of 0.1 M NayCO3 pH 9.0, for 4 h at room tempera-
ture and overnight at 4°C (15). The antibody-coated beads were washed
two times with KPBS and stored at 4°C in KPBS containing 0.1% NaN3.

Bacteria Preparation: Serial log dilutions of 109 LVS obtained
from Bacteriology Division, USAMRIID, were prepared in normal saline.

Chemiluminescent Immunoascay (CLTA) Procedure: Bacterial dilu-
tions were incubated and mildly agitated at 37°C for 2 h with anti-
body-coated polystyrene beads (1 ml/bead/tube). The svpernatant was
then aspirated and discarded; the beads were washed two times with
KPBS. One ml of labeled second antibody (GARP) diluted 1:250 with
0.01 M NapCO3 with 0.17% BSA, pH 8.5, was added to each tube and ti
beads incubated for 2 h at 37°C with mild agitation. Followiny incub-
ation, the GARP solutions were removed by aspiration and the beads
washed several times with KPBS. The beads were then transterred 1o 6 x
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50 mm reaction cuvettes and 100 pl of luminol solution were added.
After allowing the beads to sit for 5 min, the tubes were placed in
the reaction chamber and 100 ul of 3% H202 were injected to produce
the chemiluminescence. The light values were measured on a potentio-
metric recorder and expressed as relative light intensity.

RESULTS

Since a labeled species-specific second antibody was employed in
this assay, the amount of light produced should be directly propor-
tional to the amount of HRPO present (1,2) and, therefore, inversely
proportional to the amount of bacteria in the original solution.

As can be seen in Figure 4, our data show an increase in chemilu-
minescence with increasing bacterial concenrations with a cut-off in
detection at approximately 102 bacteria/ml.

8000

CHEMILUMINESCENCE F-8

106 [Lvs)

Figure 4, Chemiluminescent Analysis., Antibody-
coated polystyrene beads incubated with serial

log dilutions of bacteria for 2 h at 37°C followed
by incubation with labeled second antibody for 2 h
at 37°C. Chemiluminescence values were calculated
by subtracting background from peak height responses.

The chemiluminescence response of our data is opposite to that
which was theoretically anticipated; several hypotheses were proposed
as possible explanations: (a) labeled second antibody bound non-spe-
cifically to antigen, (b) free HRPO bound nonspecifically to polysty-
rene beads, (c) chemiluminescence was due to bound bacteria (4), and
(d) antibody-binding was similar to that observed in quantitative
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precipitin reactions.

In various experiments designed to test these hypotheses, it was 1
found that GARP does not bind to LVS antigen (hypothesis a). Less than ¥
i 10% free HRPO does bind, but this amount is not enough to influence the !
chemiluminescence observed during the assay (hypothesis b). The chemi-
luminescence from bound bacteria is not detectable until the bacterial -
concentration reaches 107 to 108/ml (hypothesis c). To test hypothesis i
d, beads were coated with varying concentrations of first antibody. If '
precipitin-type binding parameters were involved, at high concentra-
tions of first antibody, an increase in chemiluminescence should be |
observed due to matrix formations. At low concentrations of first
antibody, a decrease in chemiluminescence should appear as matrix for-
mation becomes less probable. At high concentration of antibody
(1:400 dilution), an increase in light emission was observed while
a decrease in light emission was noted at a low concentration (1:400
dilution). 1t is, therefore, suggested that the observed chemilumines-
cent response in the assay is probably due to the antibody-binding
parameters described.
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DISCUSSION

Passive adsorption of antibody to plastic as a practical assay
procedure was first described by Catt and Tregear (19). Since then,
this method has been utilized to develop RIA and ELISA tests for many
antigens (16). The preferred plastic for these tests has been poly-
styrene in test tube and microtiter plate form.

Pt i

However, an inherent problem of antibody desorption during multi-
ple washing and incubating steps has been observed with these regular
polystyrene solid supports (20,21). Recently, the use of polystyrene
beads with a milled textured finish has been reported (22). The use
of these frosted beads suggested that desorption might be limited,
compared to the aforementioned polystyrene support mediums. The use of
polystyrene beads, while providing good adsorptive properties, still
suffers from the problem of antibody desorption during washing. Multi-
ple wash steps are necessary to insure that no contaminating substances
(i.e., heme-containing compounds and divalent cations) are present to
produce extraneous chemiluminescence.)

As with all immunoassays, the affinity and homogeneity of the pri-
mary antibody determines the specificity and degree of cross-reactivity
of the assay method. Typically, F. tularensis does not produce high
titer IgG antibodies, usually only 1:64 at 3.5 mg/ml. Higher titer IgM
antibodies can be obtained, but they do not adsorb to polystyrene (20).
As shown in Part I, the VEE antibody titer was more than 10 times

177

L T ——————— v

Ll bl T 1 o




*REICHARD & MILLER

greater than the F. tularensis titer. Further studies are in progress
in an attempt to produce higher titer F. tularensis antibodies.

CONCLUSIONS

The results presented show that a rapid procedure for the detec-
tion and identification of viral and bacterial antigens is possible
with chemiluminescent immunoassays. Chemiluminescent immunoassays
appear to offer the sensitivity and simplicity required for rapid iden-
tification of potential BW agents during military operations. Further
research is underway to explore new approaches which may yield even
more applications of this new techmology.
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A NEW TECHNIQUE FOR DOPPLER FREQUENCY
ANALYSIS OF RADAR SIGNALS

*0TTO E. RITTENBACH
US ARMY COMBAT SURVEILLANCE &
TARGET ACQUISITION LABORATORY
FORT MONMOUTH, NJ 07703

1. BACKSROUND

A longstanding performance goal for Army ground surveil-
lance radars is the automatic classification of moving ground targets
on the battlefield. Limited classification has been achieved by
splitting the radar doppler spectrum into Tower and higher frequency
bands, thus distinguishing between targets having different radial
velocities. While this is an important feature, since only certain
targets (vehicles) are capable of obtaining high radial speeds, it
does not provide a distinction between a moving man and vehicles
having low radial speed components.

That there are distinct differences in the doppler s{gna-
tures between man and vehicle is easily established by 1istening to
typical doppler return signals. One can clearly distinguish the step
modulation of a walking man from the relatively constant or slowly
changing tone of a vehicle. As to be expected, a spectrogram of a
walking man (Figure 1) shows this repetitive behavior, Most obvious
is a sinewave 1ike frequency modulation at the step frequency of the
main body return power appearing as a black band near 100 Hertz.
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This oscillatory temporal characteristic in the doppler
shifted frequency 1s practically never seen in vehicular return and
is the discriminant chosen for automatic classfification.

Figure 1: Doppler Spectrum of Walking Man

This paper describes efforts at the Combat Surveillance and
Target Acquisition Laboratory at Fort Monmouth, NJ to develop an auto-
matic classifier for moving personnel using a novel frequency locked
loop to detect the modulation present in radar echos. After de-
veloping the theory, experiments are described and recommendations
for further work are given.

2. THEOQRY

A coherent radar transcefver is used to obtain the doppler
signal from a moving target. This signal is fed in a frequency
locked loop using a frequency modulation discriminator to transform
the momentary doppler frequency in a voltage., After the frequency
loop locks on the target, the voltage proportional to the doppler fre-
quency is analyzed for frequency modulation inafast fourier transform.
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Its detector supplies signals to the display indicating the echo area,
the radial speed and the step frequency (if any) of the target. Em-
phasis is placed on evaluation of different frequency locked loop
variations of a novel discriminator.

For an uncluttered presentation, only the essential building
blocks of the classifier are discussed. Also only the parameters re-
levant to the classification techniques described are included. When
not essential, attenuation, phase and time delays are omitted or set
to zero, oscillator signals have unit magnitude, multipliers have a
multiplication constant of two and rectifiers give the magnitude of
the input sinewave. Angular frequencies are used throughout. The main
parts of the radar system are Transceiver, Frequency Modulation Trans-
former, Detector and Display.

TARGET TRANSCEIV}—{FM-TRANSF{—{DETECTOR DISPLAY

Figure 2, Radar System for Automatic Identification

2a. RADAR TRANSCEIVERS: The doppler signal out of a radar
is described by a magnitude my which is proportional to the target
backscatter strength and the doppler frequency shift a. The output
depends on the radar desfgn and can be represented as mdcos(a°+ad)t,
a sideband of an offset frequency a, where a, represents either the
radio frequency, the intermediate frequency, or a natural number mul-
tiple of the pulse repetition frequency. In the homodyne transceiver
case, both the inphase component mdcos(ao+ad)t and the quadrature com-
ponent mdsin(a°+ad)t are needed to derive information on radial direc-
tion.
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2b. FREQUENCY MODULATION TRANSFORMER: The frequency mod-
ulation of the doppler return from a walking man is transformed into
an amplitude modulation for further processing. The transformation {is
described in three steps: Frequency Sensitive Elements, Discriminator,
and Frequency Locked Loop.

2bl. FREQUENCY SENSITIVE ELEMENT: Resonant circuits and
R-C circuits are discussed.

2bIA. RESONANT CIRCUIT: Consider a tuned circuit of resonant
frequency a and quality factor Q consisting of inductance L and a ca-
pacitance C in parallel (a = 1/4 L.C), followed with a resistor R in
series (normalized frequency n = Q(as/a-a/as) with Q = RaC = R/alL),
fed from a constant voltage source. For this configuration, the cap-
acitances of the connecting Tead and the load can be compensated by a
corresponding reduction of capacitance C (figure 2bl). If the magni-
tude of the source signal is Mg and its frequency is ags the input
voltage | Scos ast. The output i across the tuned circuit is
°1'(mS/ n cos(a t-tan” n) and the output q across the resistor is
o = (m /N1+l/n )cos(a t+cot” n) Since both output connections for
oq are f]oating, it 1s sometimes desirable to use the circuit of fig-
ure 2bIA where one output connection is grounded.

o—-j-—-o
R‘E
$ q Fig. 2bl. Fig. 2blA.
Frequency Frequency
C== Splitter Stop
L

2bIB., k-C CIRCUIT: Since inductors are usually the
largest, lossiest and most expensive tuned circuit elements, inductor-
less designs are included. The above formulas are then simplified by
letting L+, resulting in resonant frequency a = 0, quality Q = 0
and the normalized frequency n = RCas.
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2bIl: DISCRIMINATOR: A conventional and a novel discriminator
are treated.

2bITA. CONVENTIONAL DISCRIMINATOR: After bandpass fil-
tering the source signal with frequency ag is fed with magnitudes
m_ and m_ to the filters Frequency Pass - and + (figure 2bIIA) whose
resonant frequencies are a_ and a, (figure 2bI). Designating the in-
ductances as L_ and L, the capacities as C_ and C,, the resistances
as R_ and R,, the qualities of the tuned circuits as Q_ and Qs the
normalized frequencies as n, and n_;, the output signals as o_and o,
the outputy feed the twoway linear rectifiers + and -. The rectifier
outputs o, and o_ feed the Subtractor, whose output |o |-]o_|1s
smoothed in the ss filter, making its output'o+|-|o_|=
m NV 1+n, 2 _ m_/¥1l+n 2 The amplitude versus frequency slope 1s
S4=S_ with s = d(m/dq:;ra/d(a / a ) = mnn'/ (1+n2)3 and n'=dn/d
(aS/am), where a J;j;_- the geometrica] mean of the resonant fre-
quencies.

m

Fr. Pass ectifier
+ +

!
—»4 Bandpass }ubtract Lowpass [
Fr. Pass

ectifier

Figure 2bIIA: Conventional Discriminator

For the special case of equal signal magnitudes m
and equal quality Q_ = Q, = Q, the output is Mg (1/ 1+n - 1/41+n 2)
For large normalized frequencies this approximates 2m (a =1)/(Qa_/a ).
The slope at the a, becomes then ZmSQZ(amz-llamz)/{liifd?;;:T7;;§T;T3
Figure 2bII shows the lowpass output and its contributions from Fre-

quency Pass - and + for unit source signal magnitude m_ = m,=ms= 1,
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--”T / Figure 2blI.
/ DISCRIMINATOR CHARACTERISTICS
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Quality Q_ = Q, = 12 and resonance frequency ratio a,/a_ = 1.44. The
slope for ag = 1s 4,2354 at the origin.

2bIIB. NOVEL DISCRIMINATOR: The preferred characteristic
of a discriminator has odd symmetry response with respect to a center
frequency., The susceptance of a lossless tuned circuit j{aC-1/aL)
has this property, but approaches infinity for frequencies nearing
zero or infinfty. A response which decreases at the extreme frequencies
as with the conventional discriminator, can be achfeved by correlation
using resonant or R-C circuits.

2bIIB1. RESONANT CIRCUIT CASE: A source signal m_cos ast
is fed into the Pass filter for rejection of undesired frequencies.
The Frequency Splitter (figure 2BIIBl) outputs 1 and q are fed into
Phaseshifters i and q with phaseshifts ’ and p p +90° to supply
cosine signals with magnitudes me 1+n and ms/vi+1/n » and phase

S|t+p1-tan'1n to the Multiplier with constant M, whose output
[Mns /2(n+1/n)][1-cos 2(|aslt+p1-tan n)] is fed to the Lowpass, which
removes the alternating part, leaving Mm /2(n+1/n) For small and
1arge norma]ized frequencies, this can be approximated by
Mm n/2 and Mm /2n. At the origin of Figure 2bII n = 0 and the slope,
(n-l/n)/2n(n+1/n) » becomes Mm¢ /2 giving an output of Mm 2n/2
Theslope vanishes for n = +1, where the outputs become the extremes
/4 For Targe n the output is about +Mn /2n.

Phqse

Pass Fr Snlit Multpl = Lowpass |
Phase

q

Figure 2bIIBI: NOVEL DISCRIMINATOR
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Phase

; Pass i Fr Pass \\~

Phasesh Pass q -4+Fr Stop

Multipl H Lownass }-—»

Figure 2bIIB2: NOVEL DISCRIMINATOR

For comparison of both types of discriminators it 1s assumed that their
noise outputs are equal as well as the dynamic range of their nonlinear
elements, the rectifiers and multipler., Setting the maximum input vol-
tage to unity for both should make the output of the nonlinear element
equal at the extremes., Since this was set to unity for the conven-
tional discriminator, the multipler contant becomes M = 4. In addi-
tion, the slope of both discriminators shall be equal at the origin,
Since the slope for the conventional dfscriminator was given in units
of source over resonant frequency, the slope for the Novel Discrimi-
nator with respect to the normalized frequency has to be multiplied
with the derivative of the normalized frequency to source over re-
sonant frequency: (Mmsz/Z)(d n/d as/a) = (4.12/2)[d Q.(as/a-a/as)]

/(d aS/a) = 20[1+(a/as)2] = 4Q, since at the origins source and re-
sonant frequency coincide. Setting both slopes equal gives 4.2354 =

4Q or Q = 1.0594 (figure 2bII). For this case, the outputs for large
normalized frequencies are about 16 times larger for the Novel Dis-

criminator,

An equivalent circuit to figure 2bIIBl is shown in figure
2bIIB2. The phaseshifters have been shifted to the input, requiring
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the Pass function to be performed by Pass i and Pass q and the Fre-
quency Splitter function by Frequency Pass and Frequency Stop.

If the source signal consist of two sinusodial signals with
magnitudes my and m, and with frequencies 2, and 25, the series of
Frequency Sp11tter and Phaseshifter i and q g1ves out uts (figure

2bIIBl) of: (m / 1+n cos’|aJt+p ~-tan 1n 1+n .COS 2#+p2
-tan” n2) and (ml/ 1+1/ny Yecos( ’ ‘ t+p, -tan n2 +(m2/V1+1/n
cos (Ia2|t+p2-tan 1n2). Both are fed into the Multipler, that forms
4 products equivalent to 8 frequency components. The Lowpass rejects
all alternating parts, leaving M[mlz/(n1+1/n1)+m22/(n2+1/n2)]. For
the case of equal magnitudes my=m, =m and about equal frequencies,
the output can be approximated by Mmz(n1+1/n2)/2.

2bIIB2, R-C CIRCUIT CASE: The inductances are left out
of the tuned circuit (L-¢o0). The Pass or Pass 1 and q are now low-

passes. If the signal is applied as shown in figures 2bIlIB2, only
positive output values corresponding to positive n in figure 2bll are

achievable, since one input frequency is all times assumed to be pos-
itive. But if two out-of-phase source frequencies are available as
from a quadrature homodyne receiver and they are applied to the inputs
of the Pass i and q of figure 2bIIB2, the full output range can be
covered (including negative values). The lowpass output is now
(|a5|/aS)MmSZ(RCaS+1/RCaS).

2bIIC. USE OF DISCRIMINATOR: Despite its lower dynamic
range, the conventional discriminator with its many variable para-
meters has potential for a larger linear range near the origin than
the Novel Discriminator. But using a discriminator directly as in
frequency modulation broadcast receivers 1s not desirable, since

the radar echo from walking man changes in amplitude and is mixed with
noise and sometimes other doppler signals from different speed targets
and windblown clutter, Clipping before discriminating will erase amp-
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i : 11tude modulation, but is a far cry from matched filtering, since
it gives equal emphasis to small and large returns, thereby increasing
the nonsignal contributions.

2c. FREQUENCY LOCKED LOOP: The disadvantages of clipping
can not only be avoided by using a frequency locked loop put an ad-
ditional increase in signal-to-noise-ratio is possible by having an

increased gain of the discriminator circuit near its axis of asymetry,

L where the correction signal for the control voltage most of the time
will appear. Outside this narrow band the gain should be lower but
stay above a certain minimum level for timely aquisition of a newly
appearing target echoe at any frequency of the selected doppler band.

The output of the conventional discriminator increases pro-
portional to the input magnitude, while the novel discriminator fol-
lows a square law response. If the Lowpass has a long storage time,
the outputs for changing inputs are averaged, But a square law re-
sponse gives heavier emphasis to times with higher input signals and
therefore higher signal-to-noise ratio. For these reasons, only the
Novel Discriminator will be considered further on. Signal bands being
centered and onesided to an offset frequency a, are being treated.

2cI. SIGNAL BAND CENTERED AT OFFSET FREQUENCY: The direct
doppler return is used or {ts conversion to an intermediate frequency
by either an intermediate receiver or by a pulse quadrature receiver .
Frequency locked loops using discriminator with resonant and R-C cir-
cuits are treated.

2cIA. USING DISCRIMINATORS WiTH RESONANT CIRCUITS: After
filtering in Pass i, the signal supplied by the radar receiver
mdcos(a0+ad)t is multiplied with an oscillator signal, at frequency
a, having a unit amplitude, cos at, in Multipler i (figure 2c), pro-
viding a signal md[cos(a0+ad-ac)t+cos(a0+ad+ac)t] to the discrimina-
tor, whose Pass (figure 2bI1IB1) rejects the sum frequency., The differ-
ence frequency becomes the source frequency ag = a0+ad-ac with
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a magnitude of Mg = Mye For zero doppler shift, both source and re-
sonant angular frequency should be equal ag = 3y while the normalized
angular frequency and the output signal vanish: n = Mde/Z(n+1/n) =0,
making the oscillator frequency to ap-a. Approximating the oscillator
behavior by a 1inear characteristic with a slope F gives therefore

a_ = ao-a+FMmd2/2(n+1/n). This equation does not yield a simple sol-
ution. But after frequency lockis achieved, only the discriminator
characteristic part near the origin is used, where the slope 1s Mde .
so that a. = ao-a+FMQm (aS-a)/a. This gives the discriminator output
as ad/(F+a/MQ.md ), which approaches for large signal magnitudes ad/F

—» Pa?s N Mu}tip] ﬁ05c111at].\ r
o] i | Y
.a:s [, Mu1;1p1 . PhaseshJ/

L

Figure 2¢: Frequency Locked Loop

2cIB. USING R-C CIRCUITS: The signal mdcos(a0+ad)t is

let through Pass i for Multipliers 1 and q, whose other inputs are
cos act from the Oscillator and sin a.t from the Phaseshifter, whose
input is also supplied from the Oscillator (figure 2c). The Multi-
plier 1 and q outputs mye [ -cos(a 4 )t + cos(a0+ad+a )t] and my
[-sin(a0+ad-a Yt+sin(a ofagra. )t] are fed to discriminator Pass 1 and q
(figure 2bI1B2), which reject the sum frequencies signals. The dif-
ference frequency acts as source frequency a§ = a0+ad-ac as before.
But since the slope at the origin {s now MmS RC/2 and the resonant
frequency vanishes a=0, the oscillator angular frequency is approx-
imated as a. = a0+FMmd2RCaS/2, giving the output of the Discriminator
as ad/(F+2/RCMmd), which again approaches ad/F for large magnitudes.

2cIl. ONESIDED SIGNAL BANDS : To preserve information of

Jiscrinm P
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radial direction, two quadrature inputs at the same frequency band
are needed. Only the discriminator using R-C circuits is suited.
Signal with and without offset frequencies are treated.
2cIIA. NON-BASEBAND SIGNALS: From a quadrature pulse re-
celver both lower or both upper sidebands of a integral multiple
greater than zero of the pulse repetition frequency are suitable. The
signals mdcos(ao+ad)t and mds1n(a0+ad)t are fed through Pass 1 and q
(figure 2c) to Multiplers i and q, whose other inputs cos act are sup-
plied by the QOscillator. The Multiplier i and q outputs
d[cos(a0 a4-a, Jt + cos(a otaqta. Jt] and
md[-sin(ao+ad a )t+sin(a0 ata, )t] are fed to discriminator Pass 1 and
q (figure 2bIIB2) which rejects the signals with sum frequencies. The
leftover signal at the source frequency of the discriminator (a0+ad-aC
= a ) is centered around an frequency ao ay-a, (where the middle fre-
quency of the doppler band is symbolized as aM), which should be zero
for optimum discriminator performance, This makes the oscillator fre-
guency equal to ao+am for zero input and in general a, 0+aM+FMRCmd2
S/2. This yfelds a discriminator output of (ad-aM)/(F+2/MRCm 2),
which approaches (ad-aM)/F for large magnitudes.
2cIIB. BASEBAND SIGNALS: This includes doppler signals
from quadrature homodyne recefvers and the baseband signals of quad-
rature pulse receivers. The signals m4COS adt and mdsin adt are fed
through Pass 1 and q (figure 2c) to Multiplers i and g, whose other
inputs are cos at from the oscillator and *cos a .t from the phase-
shifter. The Multiplier i and q outputs md[cos(ad-ac)t+cos(ad+ac)t]
and md[-sin)(ad:§ac)t + sin(adipc)t] are fed to discriminator Pass 1
and q (figure 2bIIB2), which attenuates the sum frequency signals
only if their frequency exceed the cut off frequency of the Passes 1
and q. In this case, the further processing is the same as in 2clIA,
but with an offset frequency a, = 0.
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But 1f the sum frequency does not exceed the cut off frequency
of the Passes 1 and q, the difference as well as the sum frequencies
are sent to the Frequency Pass and Stop. After track is acquired,
doppler and oscillator frequencies are about the same and the output
of the lowpass can then be approximated by Mmdz(n1+1/n2)/2 with
n, = RC (adi9c) and n, = Rc(ad3ac). Without input, the oscillatgr
frequency 1s equal to the middle frequency, therefore ac-aM+FMmd (n1+
1/n2)/2. By approximating the sum frequency by two times the doppler
ad19c=2ad. the discriminator output is (ad-aM+1/2ad)/(F+2/MRCmd2).

For large magnitudes, the discriminator output is (ad-aM+1/2ad)/F.
Whenever the output of the discriminator has a negative value suf-
ficient to drive the oscillator below the lowest expected absolute
doppler frequency, it forces the Phaseshifter to change the polarity
of its output, thus both incoming and outgoing targets can be tracked.

2d. DETECTOR AND DISPLAY: The signal at the Frequency
Splitter 1 or Frequency Pass output is rectififed and monitored by a
threshold. If a preset level is exceeded an analog-to-digital con-
verter digitizes the echo magnitude for display (figure 2d). Also,
the discriminator lowpass signal is fed 1n a Fast Fourier Transformer,
and detected. Outputs exceeding a minimum level are converted and
displayed, including the d.c. output giving the average doppler fre-
quency. Since the modulation frequency even for running man is only
a few Hertz, the Fast Fourier Transformer and A/D Converter can be
time shared by many channels.

Rectifier Thresholdi—>A/D Conv Detector FFT o

v

Figure 2d: Detector for Frequency Locked Loop
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EXPERIMENTS

A frequency locked loop using the Novcl Discriminator with R-C circuit
was built. An endless loop with the recording of a radially walking
man using the base channel of a simple pulse radar supplied the input
voltage to both phaseshifters 1 and q (figure 2bI1B2). The discrim-
inator output was monitored with a digital voltmeter and a recording
real time spectrum analyzer. The signal fora walking man presented
clearly the doppler speed and the step frequency. It was also ob-
served, that the power of the doppler signal has a small spectral com-
ponent at the step freguency.

CONCLUSION AND RECOMMENDAT IONS

While the Timited experiments proved the feasibflity of automatic
classification of a walking man, a wide range of experiments should
be conducted to determine the influence of speed and angle towards
the radar of different single and multiple targets, noise, moving

clutter, antenna modulation and observation time. Also the replacement

of multipliers by modulators should be {nvestigated to minimize power
consumption.

The Novel Discriminator should have a wide range of applica-
tfons 1n systems benefiting from frequency locked loops.
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PULSE CODE MODULATION OF CO2 TEA LASER PULSE

*ROBERT S. ROHDE, DR. AND RUDOLF G. BUSER, DR.
US ARMY NIGHT VISION AND ELECTRO-OPTICS LABORATORY
LASER DIVISION, FT. BELVOIR, VA 22060

NEAL T. NOMIYAMA, MR.
SCIENCE APPLICATIONS, INC., McLEAN, VA 22102

Introduction

The CO,, TEA laser pulse is characterized by a gain-switched spike
followed by a“slow decaying tail. As a ranging waveform, the tail with its
slow fall time does not contribute to the device's accuracy in ranging measure-
ments. Elimination of this tail, with resulting increased(fsxergy in the spike,
by optimization of the gas ratios, has been sought after. On the other
hand, utilization of the entire pulse to include the tail, leads to the concept
of multifunctional applications such as range finding and Cooperative Battle-
field Identification Friend or Foe (CBIFF). Application to CBIFF requirements
would utilize the modulated tail by transferring coded telegrams to the target
being interrogated.

The tail portion of the CO., TEA laser waveform is approximately 2
to 4 u sec long. Depending on th% achievable bandwidths for the modulator

and receiver system, 10 to 100 bits of information can possibly be transmitted
on a single CO, TEA laser pulse. A number of applications besides CBIFF

can be explorea including communication between two vehicles, data transmis-
sion, and precision ranging to name a few. In this report, the CO., TEA laser
pulse tail is electro-optically (EO) modulated with a polarization Zensitive
switch capable of 5 MHz repetition rate and 100 nanosecond pulsewidths.

With this capability, three operational modes can be realized; namely, 1)

pulse shaping/sharpening of the gain-switched spike for precision ranging,

2) information transfer via modulation of tail, or 3) combining (1) and (2)

on the same laser pulse. Mode #2 has been demonstrated and will be presented
in this report.
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Experiment | :

Linearly polarized light in the plane of incidence passes through an
uncoated ZnSe beam splitter placed at Brewster's angle (Fig. 1). Zero reflec-
tion for the plane polarized beam is observed while maximum reflection
for the perpendicular polai'ﬁed beam takes place. The polarizing angle & is
defined by Brewster's Law )

tan %, = n (1)

where n is the index of refraction for the beam splitter material (n = 2.40
for ZnSe).

The Pockels Cell (l1-Vl, Inc.) is an electrically-induced birefringent
material whose index of refraction changes proportionally to the applied
electric field. In a transverse-applied electric field configuration, the electro-
optic retardation causes the polarized light to rotate its polarization about
the optical axis such that one orthogonal component (say, Z' component)
grows as it propagates along the propagation axis at the expense of the other
orthogonal component (say, Y'). For CdTe, the electric field is applied along
the cube diagonal <111> direction perpendicular to the propagation axis.

The phase retardation experienced by the polarized light passing through
the crystal with an applied voltage V is given below:

(/31) ndr A\
I owe— 241 ~ (2)

‘o

where ny = index of refraction
r,, = electro-optic coefficient
Ao = vacuum wavelength of laser beam
£ = crystal length
d = crystal width across which electric field is applied.

Using the following parameter values provided by Yariv,(3 ) ngr y =120 x 101?
m/V,and A, = 10.6 x 107 m, and crystal dimensions d = 3 mm, ‘i = 6 cm,the
calculated half-wave voltage (I = 180") is 2554 volts. The approximate
half-wave voltage measured by the manufacturer is 2650 volts. The quarter-
wave voltage for CdTe is, therefore, 1325 volts (based on manufacturer's
estimate).
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A diagram of the experiment is shown in Fig. 2. In a double-pass configu-
ration, the plane-polarized beam passes through the energized Pockels Cell
and is converted into two orthogonal components of equal amplitude and
90° relative phase difference. The electric field vector is now circularly
polarized. When the circularly polarized light is ref&ected back through
the energized Pockels Cell, it undergoes another 90~ phase shift and is trans-
formed back to linearly polarized light, but now perpendicular to the plane
of incidence. This polarized beam is reflected off the beam splitter (placed
at its polarizing angle) and propagated to the receiver.

Results

The linearly polarized CO., TEA laser produces an average of 22 mJ
per pulse with an optimum gas mixture, Increasing the laser energy by an
order of magnitude will not damage these EO modulator units as they have
been reported to operate reliably with 300 mJ CO., TEA laser pulses. For
pulse code modulation (PCM), a long tapered tail i desirable, and hence
a nitrogen-rich mixture is used (CO,:N_:He = 6:18:76). The resulting wave-
form is shown in Fig. 3. A telescoge i§ used to reduce the beam to fit through
the crystal. A Ge crystal polarizer is used to further increase the linear
polarization of the partially polarized laser beam. Detector #1 is the timing
detector (HgCdTe) which triggers the modulator electronics. A pulse generator
produces a 2 microsecond gate during which a 5 MHz square waveform is
generated. This signal drives the high voltage power supply which drives
the crystal cell producing an optical signal 100 nanoseconds wide at 5 MHz
repetition rate (see Fig. 4 for power supply voltage). The high voltage power
supply was manufactured by Cober Electronics and was designed specifically
for this application using vacuum tube technology. The modulation optical
signal is detected by a reverse-biased HgCdTe PV detector with a frequency
response greater than 10 MHz. The received signal is shown in Fig. 5 with
two resolutions. Within a 2 microsecond gate, ten 100 nanosecond pulses
are created. The finite rise time of approximately 30 nanoseconds is limited
by the frequency response of the power supply. A possible alternative to
the vacuum tube design that would improve the rise time and hence increase
the repetition rate of the modulator might be using an avalanche transistor
design for the power supply. The rise time of the CdTe crystal is less than
a nanosecond (500 MHz frequency capability) and should not limit the overall
frequency response.

Pulse code modulation can be achieved by transmitting a sequence
of pulses at 5 MHz; if a pulse is present, a one is indicated, and if a pulse
is absent, a zero is indicated. To demonstrate PCM, the repetition rate
was changed to 2.5 MHz, or every other pulse was deleted from the pulse
train logic. An oscilloscope trace of this particular telegram is shown in
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Figure 3, Unmodulated CO, TEA Laser
Pulse with No Rich Cas
Mixture (500 ns/DIV)

'lpf'r""
. AR 4

w— yP®"Povecs

Figure 4, Output Signal of High
Voltage Power Supply for
CdTe Cryvstal Modulator
(500 V/DIV, 500 ns/DIV)

Figure 5. Receciver Signal from Pulse
Code Modulation of €O, TEA laser
Pulse (Top trace: 500 ns/DIV,

10 my/pIv: Lower traces 200 ns/DIV,
10 my/niv) Logic: 1111111111
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Fig. 6. Note that the initial pulse is the unmodulated gain-switched spike
that has leaked through the polarizers.

In fact, the extinction level of the modulator will depend on this polari-
zatjon leak-through. Measurement of the zero level of modulation was ob-
tained indirectly by comparing the unmodulated signal due to polarization
leak-through and the modulated signal at its zero level. By examining Figs.

7 A and B, which are sequential shots of the unmodulated and modulated
signal, the extinction appears to be 100%. When averaged over several oscillo-
scope traces, the zero level coincided with the unmodulated signal level
indicating 100% extinction. The issue of signal extinction is important to
CBIFF if confidence in the transmitted signal is to be maintained. In a dy-
namic atmospheric environment such as fog, rain, dust, and smoke, the detec-
tion threshold is required to be set at the minimum allowable level so as

to obtain the largest dynamic detection range possible. By insuring a 100%
extinction of the signal, the threshold can be set as low as possible.

Beam quality was determined by measuring the horizontal intensity
profile of the output beam with and without the crystal modulator in the
optical train. Ten independent pulses were averaged for each position across
the beam in increments of 0.9 milliradians. The average signal normalized
to the peak average signal is plotted in Fig. 8 with and without the effects
of the crystal. The results indicate substantial beam degradation initially
from the beam splitters due to multiple reflections, and some further degrada-
tion by the CdTe crystal. Beam degradation by multiple reflections can
be minimized by using a single, wedged beam splitter instead of parallel
surface beam splitters such that the internal reflections produce highly diver-
ging wavefronts. The calculated beam divergence for a Gaussian beam is
given by the following equation:

6 =

4
P (3)

o>

Using the aperture of the Pockels Cell unit as the limiting case, D = 3 mm,
the beam divergence (6 /2) is 2.75 mrad, much less than what was observed

in Fig. 8. The additional beam spread can be attributed to multiple reflection.
Beam quality after the telescope was not measured although burn patterns
indicate a symmetric beam unlike that measured after the beam splitters.

Conclusion

In conclusion, we have demonstrated pulse code modulation of the

" tail of the CO,, TEA laser pulse at a 5 MHz repetition rate with a 100% depth

of modulation ‘Using an external double-pass Pockels Cell modulator. Each
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Figure 6. Pulse Code Modulation
Logic: 1010101010
(500 ns/DIV)

Figure 7, Extinction Level Measure-
ment, Two Sequential Oscilliscope
Traces (Top trace: unmodulated,
200 ns/DIV; Lower trace: modulated,

200 ns/DIV)
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puise is approximately 100 nanoseconds wide with a rise and fall time of
approximately 30 nanoseconds. With a 100% depth of modulation, a high
false alarm rate under dynamic battlefield induced transmission conditions
is prevented.

This device can extend the capabilities of a CO,, TEA laser rangefinder
to CBIFF applications by using the tail for sending enczoded telegrams to

the target and shaping the gain-switched spike to improve ranging accuracy.
Therefore, a multifunctional device has been conceptually demonstrated

to provide both precision range finding and information transfer from the
transmitter to the receiver. The multifunctional device concept can be
applied to all EO devices to provide a cost effective method to improve

and extend performance capabilities.
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SEMI-INSULATING GALLIUM ARSENIDE FOR MILLIMETER
WAVE AND HIGH SPEED IC DEVICE APPLICATIONS
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ROBERT O. SAVAGE, MR., JOHN J. WINTER, MR.,
and ROGER J. MALIK, MR.
U.S. ARMY ELECTRONICS TECHNOLOGY AND DEVICES LABORATORY (ERADCOM) :
FORT MONMOUTH, NEW JERSEY 07703 i

INTRODUCTION

A wide variety of semiconductor devices utilizing gallium
arsenide (GaAs) is currently under development by the military for
use in advanced communication, surveillance, and target acquisition i
systems. GaAs, a compound semiconductor exhibiting a large energy
bandgap, is characterized by a high intrinsic electron mobility
(8600 cmZV‘lsec‘1 @ 300°K) and resistivity (> 108 ohm-cm). The low-
field electron mobility of GaAs is one of its greatest attributes and
offers high frequency operation in devices such as the field effect
transistor (FET). Coupled with the material's high peak velocity
and low threshold field, GaAs integrated circuit (IC) devices offer
a two to six time speed improvement over their silicon counterparts.
When compared with standard silicon IC technology, the process steps
for GaAs ICs are relatively simple and few in number. As a result of
these advantages, the technology of manufacturing high performance
GaAs devices is maturing at a rapid rate. Thus, it is not sur-
prising to find these devices experiencing a greatly expanding role
in oscillator, mixer, logic element, power amplification, and low
noise/high gain application. However, the full potential and low-
cost manufacture of GaAs devices has yet to be realized, partly due
to material problems experienced by substrate suppliers and device
manufacturers.

It is commonly held by major GaAs device manufacturers that the
quality of semi-insulating substrates 1is one of the barriers to
obtaining reliable, reproducible, high-performance devices. In
addition, because the quality of commercially available semi-
insulating GaAs substrates is highly variable, extensive material

205




ROSS, AUCOIN, SAVAGE,
WINTER and MALIK

qualification tests are required before substrates are accepted for
device fabrication. It has been shown that chromium (Cr), which is
used to compensate native impurities and produce high resistivity in
GaAs, redistributes during thermal processing (1-3), whether during
a subsequent epitaxial process or a high temperature ion-implantation
anneal procedure. Typically, the Cr depletes from a region one or
two microns deep and migrates to the surface where it occupiles a
region about 400° ® thick. The most serious consequence of this
distribution is that the depletion of Cr can uncompensate some of the
native donor impurities existing in the n-depleted region, resulting
in excess uncontrolled n-type activation and significant changes in
device characteristics and reliability. Inaddition to this "surface
conversion' problem, fast diffusing deep-level acceptors, carbon-
arsenic vacancy complexes and diffusing deep-level impurities are
still observed as a result of process-induced substituents.

In order to minimize the effect of substrate imperfections on
devices fabricated by epitaxy, one usually grows a high quality buffer
layer to isolate the device from the substrate. However, the epi-
taxial approach has two major drawbacks; cost and difficulty in
achieving the required thickness and uniformity. Although ion-
implantation reduces the cost of active layer fabrication, the im-
portant properties of the implanted layers, such as mobility and
doping profile, can be significantly affected by substrate character-
istics. In addition, inter-device leakage becomes a problem if Cr
redistribution causes a thin conducting layer to form on the GaAs
surface during the high temperature implant annel procedure.

The alternative solution to these problems is to improve the
quality of substrate material through the reduction of impurity and
defect levels and/or the elimination of charge compersators such as
Cr. Such is the objective of our research program.

CRYSTAL GROWTH

The technology involved in the growth of GaAs is considerably
more complicated than that employed for silicon, for one is dealing
with more complicated binary phase equilibria and a highly volatile
compenent, arsenic. Precise control of the As vapor pressure in the
chosen growth system 1s required in order to maintain exact stoi-
chiometry of the GaAs compound during the growth process so as to
achieve high mobility and crystal perfection.

The bulk compound is normally formed by the reaction of As vapor

with Ga metal at elevated temperatures in sealed quartz ampoules as
shown in Fig. 1. Typically, an As reservoir contalned at one end of
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4/,/ Resistance Furnace
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Fig. 1. Typical furnace and temperature profile for i

compounding GaAs in quartz,

the ampoule is heated to 600°C. This generates approximately 1 atm . {
of As vapor pressure in the system, a prerequisite for obtaining Q
stoichiometric GaAs (4). The Asovapor reacts with the Ga metal !
maintained at approximately 1260 C and located at the other end of

the ampoule in a quartz boat. After the Ga has been completely

reacted, single crystal growth may be initiated by programmed

cooling (gradient freeze) or by physically moving either the ampoule

or furnace to provide proper temperature gradients for growth. This

process is commonly referred to as the "horizontal Bridgeman" '
technique and is the method used by all major commercial GaAs material

suppliers to date. Crystals prepared by this technique have a "half

moon" cross-section and, therefore, result in considerable waste in

IC processing where the required shape is a circular disk.

Another approach to the commercial production of bulk GaAs which
is gaining favor 1s the liquid encapsulated Czochralski technique
(LEC CZ). Metz et al (5) first described the use of an encapsulant
to suppress the loss of a volatile component from a melt. Mullin et
al (6) used this method for the growth of InAs and GaAs from stoich-
iometric melts. 1In this method, shown in Fig. 2, the vaporization
of As from molten GaAs 1s inhibited by placing a layer of a non~
reactive encapsulant (e.g., Bj03) on the melt surface. An inert gas
pressure which is higher than the As vapor pressure 1is then main-
tained over the molten By05 laver. A rotating seed crystal con-
tacting the molten GaAs 1is then slowly withdrawn through the liquid
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Fig. 2. Liquid encapsulated Czochralski pulling technique.

encapsulant while the temperature is regulated to obtain the desired
diameter crystal. The advantage of the LRC CZ technique is the
ability to prepare large diameter crystals in a relatively short
period to time. However, the GaAs polycrystalline source material
used in this technique and from which the crystal is pulled, is
normally compounded in quartz ampoules. The use of quartz as a
container for Ga, As, and molten GaAs, or as a reaction vessel can
lead to appreciable silicon contamination (7)., Since silicon can act
as a shallow donor or acceptor in GaAs (8), chromium, a deep-level
acceptor and/or oxygen, a deep-level donor, must be deliber tely
added in order tg compensate the GaAs, thereby making it semi-
insulating (> 108 ohm-cm) .

A second drawback to the convential LEC CZ technique is its
separate two step process - compounding and subsequent crystal
growth. Because of this increased handling, more impurities can be
introduced than those obtained in the horizontal Bridgeman process.
The in-situ LEC compounding/Czochralski growth process we describe
for growing semi-ingulating GaAs iIncorporates, for the first time,
both steps and eliminates all dependance on quartz components,
thereby, reducing or eliminating the requirement for chromium com-
pensation. This 1s accomplished by reacting elemental gallium and
arsenic under a molten encapsulant in pyrolytic boron nitride (PBN)
crucibles at nitrogen pressures to 100 atm. A specially designed
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ERCHM .

high pressure Czochralski crystal pulling system, Varian model ;
HPCZ, was used formaintaining the nitrogen gas ambient and for growth |f
1 of the bulk GaAs (see Fig. 3). This system contains provision for :
the following: rotation of the crystal and/or crucible; raising and
lowering of the crystal and/or crucible; remote control of tempera-~
ture, gas flow, pulling and rotation rates; TV process monitoring;
cryo fore-pumping; vac-ion pumping to 1073 torr; hydraulic lifting

of the chamber; and 1s designed for operation at pressures to 135 atm
with neutral, oxidizing or reducing ambients.,

carried out in the following manner. The PBN crucibles were etched
in HC1l, rinsed with de-ionized water following by methonal and then
vacuum dried overnight at 200°C. The crucibles were then loaded with
stoichiometric quantities of high-purity gallium and arsenic. A
dehydrated pellet of boron oxide encapsulant was placed on top of the
charge and the entire assembly centered within a tantalum or graphite
susceptor in the Czochralski pulling chamber as shown in Fig. 4.

i The in-situ LEC compounding and Czochralski growth cof GaAs was

It was found that if the boron oxide encapsulant contained an
excessive amount of moisture, bubbles continuously formed at the melt/
encapsulant interface. These bubbles subsequently rose to the surface
releasing arsenic which, in turn, led to nonstoichiometric melts and
resultant twinning of the crystals. An oil-free, high-vacuum baking
system was constructed to further dehydrate the pellets. Heating the
boron oxide to approximately 1000°C at 10~7 torr in induction heated
platinum/gold crucibles was found to give satisfactory results.

After the growth station was established (susceptor, crucible,
gallium, arsenic, boron oxide, etc.) and the chamber closed, the
system was evacuated to 102 torr. The charge was then slowly heated
to 325°C to remove residual moisture and volatile gallium/arsenic
oxides. If the temperature exceeded 325°C, significant amounts of
arsenic were lost by volatilization prior to compounding. After »
several hours, the system was then backfilled with high-purity
nitrogen gas to 3.0 atm and the temperature increased to 450°cC.
During this step, the boron oxide melted and flowed into the voids.
The pressure in the pulling chamber was then increased to 60 atm.
As the temperature was slowly increased, the compounding reaction
could be observed on the TV monitor being accomganied by a rapid
temperature rise as the crucible approached 700°C.

Single crystals of GaAs were grown from the in-situ compounded
material by the LEC CZ technique as previously shown in Fig. 2. All
crystals were grown in the <111>-B direction with nitrogen gas 1
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Fig. 3. High pressure Czochralski crystal pulling system.
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Fig. 4. Arrangement for liquid encapsulated compounding of CaAs.
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pressures of 1.0 to 20.0 atm., and pulling rates of 1.0 to 2.0 cm/hr.
Both concurrent and countercurrent rotation of crucible and crystal
were used at rates of 5 and 15 rpm respectively; the concurrent ‘q
rotation producing a more convex interface.

ELECTRICAL MEASUREMENTS

The measurements of resistivity, Hall mobility and Hall co- ‘
efficient were performed using the van der Pauw method (9). This
technique has the advantage in that only four contacts are required
and only the sample thickness need be known. In this work, the
conventional "clover-shaped' sample geometrv is replaced by an
equivalent "Greek-cross" structure (10) (see Fig. 5). The actual
GaAs structures are produced using an ultra-sonic milling machine.

The resistivity, p, in ohm-cm is given by D C
o = nt AB,CD + RBCLD{] F
In2 2
! / A B
' where R =V I
‘ AB,CD AB’ "CD Fig. 5. Sample geometry.

/

=V I
and Rec,pa = Vac’ Tpa
are in units of ohms, t is the sample thickness in centimeters and F
is the van der Pauw factor which is a dimensionless quantity dependent
only upon the ratio of RAB,CD/RBC,DA and is defined by the transcen-
dental equation

{ 1n2 Ras,cp’Rsc,pa 7! . 1n2/F
cosh F R 7R 1 = e
AB,CD’ "BC,DA
The Hall mobility, My in cmzvolt_lsr,ec“1 is given by
8 t
Mg T 100 g ARyg,mp
where B is the applied magnetic field in gauss and AR is the

change in resistance when the magnetic field is appliég'ggrpendicular
to the sample. The Hall coefficient, RH’ in em” /coulomb is calculated

from
Ry = LN
The disadvantage of the van der Pauw method s that two resis-
tances (R and R ) must be measured requiring that voltage

and curreﬁg’igads beBgﬁ?éched. In addition, good experimental prac-
tice dictates that current leads be reversed and switched in order to
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eliminate contact resistances and potentials, rectifying effects and
thermal emfs. Thus, in the collection of van der Pauw transport data,
eight configurations are used for resistivity measurement (Fig. 6.
(a)-(h)) and eight for mobility measurement (Fig. 6. (i)-(p)).

™~ |ve

&3

. ’ PR N B} ve n ic)

:
BXE

# ’ ]

SRRX
X
f ISR

&3

Fig. 6. SAMPLE CONFIGURATION FOR VAN DER PAUW TRANSPORT DATA

(e) - (h) RESISTIVITY
() - (p) MOBILITY

The switching of current and voltage leads and the reversing
thereof is accomplished by the arrangement shown in Fig. 7. The
sample is contained in a fully shielded and evacuated chamber (Fig.
8.) and is connected to four electrometers by triaxial cable, the
inner shield of which is driven by the output of each electrometer.
Shielded coaxial reed relays provide the required lead switching to
generate the various circuit configurations of Fig. 6. The result is “
a fully guarded system capable of measuring samples having up to 1012 3
ohms resistance with a minimum of noise and settleling time.

Beacause of the large number of measurements necessary and the
large number of samples investigated, the guarded van der Pauw system
of Fig. 7. was automated whereby all switching of leads and electro-

212




ROSS, AUCOIN, SAVAGE
WINTER and MALIK

J.
s B
" % .,‘t aeeencntias
°

) SHIELDED MULTI-COAXIAL/PIN
COAXIAL CABLES (TEFLOW) VACUUM FEEDTHRU COWNECTOR

Fig. 7. GUARDED VAN DER PAUW SYSTEM
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Fig. 8. Sample chamber. FEEDTHRU CONMECTOR
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meters, measurement of current and voltage and calculation of param-
eters is accomplished under the control of a programmable calculator
(Fig. 9.). The system is presently under expansion to provide for
automatic magnetic field selection and temperature control.

ELECTRO-
“ETERS T )
A
2 T f
B S S
‘4 MATRIX | —
T SWITCH | 2
' ‘ —h 4 J
— 4 - - ¢ P vacuum

| | — -

i A A
REL AY ast CURRENT -
A TUATOR SouRCE
. R
PRCARAMMABLE CALSULATOR j ¢
l . ]
.-oon.u [ -V £,07 TER ] L PRINTER ]

HEAT £ R
THERMOMETER
SAMPLE —— ———

ELECTROMAGNE Y
Fig. 9.
AUTOMATED VAN DER PAUW HALL AND RESISTIVITY SYSTEM

MIXED CONDUCTION ANALYSIS

When one carrier type dominates the conduction process, simple
Hall coefficient and resistivity measurements at low magnetic fields
provides values of carrier concentration and mobility. Semi-insula-
ting GaAs, however, exhibits mixed conduction; i.e., conduction by
both holes and electrons. This complication requires additional
information, in particular, the magnetic field dependence of both Hall
coefficient and resistivity, in order to permit resolution of the
independent carrier properties.

The total Hall coefficient is given by

2 2 22 2
+ +
. Rn n Rpop + Ranonop (Rn RP)B

2 2.2
+ +
(on ap) + oncp (Rn Rp) B

(1)
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and the total conductivity by
”
(c + o0 )2 + 020“ (R +R )ZB2
n p np ' n P

(2)
o (1 + R202 Bz) + 0 (1 + Rzosz)
n P p P nn

where the subscripts n and p indicate the contribution due to elec-
trons and holes, respectively, and B is the magnetic field (11).
Using the intermediate functions X, Y, and Z (12), equations (1) and
(2) can be rewritten as

- Y+27Z o

R = RO [1 + X . :l (3)
o}

1 2, 2. P

where pO is the resistivity at zero magnetic field, Ap = p(B) - p

and is called the magneto-resistivity and R_ is the Hall coefficient,
equation (1), at zero magnetic field. Varying the magnetic field
from 0 to 18kG and plotting equations (3) and (4) yields curves (a)
and (b) as shown.

R
(o)
(a) 1 (b)
R 2 s
P
0
0 Ap/oo é // po/Ao

Curve (a) gives R_and B = X/Y+Z whereas curve (b) vields the slope
Sp = -ug X. Letting:

T

]
It

2 -2
(RO D/S s A=2+10+89))A + 1/8)

[A + (A2 - 4)3/2&, c

where o = r /r_ and is the ratio of scattering factors and assumed to
be unity, thenPthe individual carrier properties can be calculated
from:

b

[}
t

(1+abB) /fb(ab + 8]

215




ROSS, AUCOIN, SAVAGE
WINTER and MALIK

-1
electron mobility = un = l—:—E:" . S:Bflgﬂ- cmzvolt_lsec_l,
a-b P
2 -1

-1
hole mobility = up = un/b cm volt “sec T,

hole concentration

|
J

electron concentration

[}
=]

"
0
=
0
g

intrinsic carrier concentration = ng = (np)*s cm

In addition, the Fermi level can be calculated from

EC - EF = len(Nc/n),

where Nc is the effective density of states in the conduction band.

An indication of the accuracy of this mixed conduction analysis
is given by the linearity of equations (3) and (4) and the similarity

of the calculated value of n, to its theoretical value of 1.5x10° (12).

Table 1. compares the electrical properties of undoped GaAs grown
by the ET&DL process to chromium doped substrates from other sources.
Although the resistivity is slightly lower, the ET&DL material has one
of the highest electron mobilities, nearly equal carrier concentra-
tions and a Fermi energy level rearly intrinsic. Recent growths have
resulted in material with resistivities of 0.8x109 ohm-cm. In addi-
tion, thermal conversion analysis indicates the material is stable to
700°C for 30 minutes in H2’ ultimately converting to p-type at 1000°C.

SUMMARY

The physical and clectrical properties of GaAs show it to be an
important semiconductor material for use in advanced military elec-
tronic systems. However, millimeter wave and high speed IC device
development has been slowed due, in part, to poor and unpredictable
quality semi~insulating substrate material. A new modification of the
liquid encapsulated Czochralski pressure-assisted growth process has
been developed which employs in-situ compounding of GaAs from its
elements., This process, first demonstrated in the U.S. by ET&DL,
consistently yilelds high resistivity (to 10’ ohm-cm) GaAs without the
intentional addition of charge compensators. Transport property
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o —Ré *n u27 n P 0y EC-EF

x10° | x10° x10° x10%  |x10%|x108|x10®

ohm cm cm3/coul cmz/Vsec cmZ/Vsec c:m-3 cm-3 cm_3 eV
HpP EEEWIREENT 3.41 8.44 |.963]2.23|2.76].684
NRL .697 | 1.95 5.85 8.42 |.832[5.94(2.22|.688
Laser Diodes | .733 | 1.80 2.94 4.90 |2.48[2.48(2.48].660
Monsanto .0645] .370 5.74 16.9 .611
Morgan 843 | .647 4.73 5.55 |[.392{10.0{1.98].707
trystal .897 | 2.48 4.43 5.19 |1.04{4.50[2.16{.682

Specialties

Sumitomo .961 | 1.14 4.40 4.21 |.492{10.2]2.25].701
ET&DL* AT 420 | 1.67 5.37 9.89 [2.16(3.33{2.68].664

*non-Cr doped

Table 1.

ni(theoretical) = 1.5x106 cm

3

EC - EF(theoretical) = 0.675 eV

to chromium doped substrates from other sources.

Comparison of electrical properties of undoped GaAs (ET&DL)

determinations by mixed conduction analysis indicates the material has
electron mobilites higher than Cr-doped material and Fermi levels
which are nearly intrinsic.

The one step technique for "in-situ' liquid encapsulated com-
pounding and Czochralski growth of GaAs is believed to be the best
approach to solving the current problems associated with semi-insu-
lating substrate fabrication.
device manufactures such as Varian Assocites, Westinghouse, Hughes,
Rockwell, Microwave Associates and Metals Research are in the process
of acquiring, or have purchased equipment to grow semi-insulating

GaAs by this technique.

Various semiconductor material and

Indeed, this approach is now becoming the

basis for U.S. volume production of large diameter, high quality,
semi-insulating GaAs material.
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PERFORMANCE EVALUATION FOR DIRECT FIRE SYSTEMS (U)

RICHARD C. SCUNGIO, JULIAN A. CHERNICK
US ARMY MATERIEL SYSTEMS ANALYSIS ACTIVITY
ABERDEEN PROVING GROUND, MD 21005

Historically, the item level performance of a weapon system
has been expressed in terms of the firepower characteristics of the
weapon. The weapon characteristics normally included in the computa-
tion of firepower were range, accuracy, lethality, and rate of fire.
With the introduction of more sophisticated weapons, an awareness of
the need to include additional factors in the assessment of a weapon's
performance has emerged at both the decision and research and develop-
ment levels.

This awareness has resulted in the development of a methodol-
ogy permitting better understanding of the operational performance of
a weapon system, especially concentrating on the battlefield environ-
ment and its possibly degrading effects. The methodology is pattern-
ed after a model which was originally developed to evaluate the per-
formance of the 155mm laser-guided COPPERHEAD artillery projectile.
Analyses performed with this method are identified as being ''COPE"
type analyses and are primarily designed to evaluate the performance
of systems requiring uninterrupted line-of-sight between the attacker
and the target.

The operational performance of direct fire systems is affec-
ted by many factors which can combine in one manner or another and
influence the utility of the system on the battlefield. The method-
olody developed requires the identification of the influence of each
factor on the employment or performance of the particular weapon
system being evaluated. Initially an employment concept must be avail-
able to permit identification of the location of the weapon on the
battlefield, especially related to the anticipated enemy advancement.
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From this information, the anticipated ranges of engagement and the
corresponding periods of target unmask can be identified. Weapon or
projectile performance characteristics usually in the form of engage-
ment ranges, accuracies, and lethalities are needed; if pertinent,
these data should be correlated to weather condition. The effects of
terrain, as it influences target movement and intervisibility, is in-
cluded. The presence of vegetation and its effect on intervisibility
is also reflected in the methodology. For a system such as COPPERHEAD,
communications, command, and control and the problems inherent in a
designator operator's fire request being answered in a timely manner

to engage moving targets is portrayed. For other systems such as tanks
or anti-tank guided missiles, this factor is not pertinent and there-~
fore, not included. Enemy fire and counter fire and its obscuration
and lethal effects are also considered when assessing operational per-~
formance. These factors combine to reflect what is a realistic environ-
ment for the analysis of a weapons system's operational performance.

A COPE type analysis exhibits certain characteristics. It is
basically one-sided. Provisions are included in the methodology to
evaluate the effects of enemy direct and indirect fire and their obscu-
ration and lethal effects, however, it is not two-sided in the sense of
a force-on-force model. The model uses probability density functions
as input, reflecting the frequency of occurrence of the many factors
influencing performance. As such, it is stochastic in its approach.
All performance factors are combined in the methodology resulting in
a tool which is very easy to test the sensitivity of total performance
to variations in one or more factors. However, the most noteworthy
characteristic of the methodology is its simplicity. The output is
quite transparent, giving results which are easy to understand and
interpret.

The events influencing the performance of a weapon system are
interwoven within the methodology, producing estimates of the chance of
successfully surmounting each factor. Four critical events, selected
for their tactical significance, aid in applying the output of the
model. These critical events are:

1. The occurrence of an occasion,

2. The attempt to engage a target,

3. The actual engagement of the target, and

4. The end of the mission.

The methodology assumes that an occasion occurs once a target
breaks terrain shielding. Once this occurs, the conditions for success
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must be satisfactory for seven factors before an engagement is attempted.
These factors constitute a set of conditions within which the observer
has survived, is able to detect the target, and the target is within the
employment range of the weapon system. Once the designator operator
requests fire, he must establish communications and line-of-sight must
exist before a round is fired. If the methodology determines that

these two factors are satisfactorily met, one or more rounds are fired
and seven additional factors are evaluated prior to the determination

of a target kill.

The last critical event, the end of the missicn, occurs when
all rounds have been fired or at the cessation of available target
vehicles due to their passing out of line-of-sight or attrition.

To interpret the results of the model, four measures of perfor-
mance are developed. These measures are:

1. The probability of attempting an engagement given an
occasion occurs,

2, The probability of firing a shot given an engagement 1is
attempted,

3. The probability of killing a vehicle given a shot is fired,
and

4. An overall measure of operational utility which combines
the effects of all the performance factors.

The methodology has produced quantitative estimates of the de-
grading effects of environmental factors which previously have been
treated mostly qualitatively. In general, it has been found that the
most serious degrading factor influencing the utility of a direct fire
weapon system when engaging moving vehicles is the obscuration effects
of smoke and dust raised by supportive fires. Given that the decision
is made to engage a target, a shot usually follows, however, the proba-
bility of killing a target is usually lower than fire power estimates
would have estimated. The most serious degrading factor influencing
the weapons kill probability given a shot is fired, has been found to
be the loss of line-of-sight to the target during the flight of the
missile or projectile.

Comparisons have been made of the relative performance of

COPPERHEAD, tanks, TOW and HELLFIRE when engaging targets in relatively
open and close terrain.
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Due to their relatively shorter ranges, tank and TOW do not
attempt as many engagements as COPPERHEAD and HELLFIRE, however, due
to their shorter reaction time, they are more likely to get a shot off
once the decision is made to engage. The longer engagement ranges also
affect the PK/SHOT for tanks and TOWs as they fall below the other

systems with this measure. The measure of operational utility shows
that HELLFIRE outperforms all systems in the open terrain case, with
tanks and TOW being the least preferred. One factor has been omitted
from the HELLFIRE evlauation to date, which probably produces a favor-
able estimate of performance, that is, the likelihood of a helicopter
being available and properly located for the engagement. Current eval-
uations assume that an AAH is on station and assesses performance from
that point.

For terrain which can be classified as being close, thereby
affording short periods of intervisibility at short ranges, tanks out-
perform TOW and COPPERHEAD.

The methodology is such that it produces results which are
intuitively appealing and permit the direct comparison of various weapon
systems. However, 1its greatest value and the way that it has been most
used to date, is to analyze the operational performance of a system,
especially reflecting the environment and its effects on performance.
Used in this way, the model enables the assessment of the most serious
factors affecting performance, identifying which ones, given improve-
ment, could most increase performance. The model also has a tendency
to identify conceptual improvements which offer little or no improve-
ment in performance once combined with all the other potentially de-
grading factors. This can be a most valuable analytical tool, most
valuable indeed.
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NUCLEAR RADIATION EFFECTS IN FIBER-OPTIC WAVEGUIDES (u)

*STEWART SHARE, Ph.D., AND JOHN WASILIK, Ph.D.
U.S. ARMY ELECTRONICS RESEARCH AND DEVELOPMENT COMMAND
HARRY DIAMOND LABORATORIES
ADELPHI, MARYLAND 20783

I. Introduction

Fiber-optic communication systems, now under development
by the U.S. Army, will be a prime factor in satisfying the Army's
communication needs of the 1980's. An important issue for any
communication system is survivability: in particular, survivabil-
ity on the tactical nuclear battlefield. One of the important
advantages gained by wusing fiber optics is their immunity to
electromagnetic pulse effects, which are frequently damaging to
conventional communication systems operating in tactical nuclear
environments. However, glasses in general, and optical fibers in
particular, are susceptible to the darkening effects of ionizing
radiation found in tactical nuclear weapon environments. This
problem is especially serious for Army applications because of the
long lengths of cables used in communication systems. Long-haul
fiber-optic communication systems are planned by the Army with
unrepeatered lengths up to 8 km and data rates of 20 Mb/s(1).
Previcus fiber radiation data indicate that the use of optical
waveguides involving long lengths may be severely affected in
nuclear environments. The solution to this problem is an optical
waveguide with minimal sensitivity to nuclear radiation.

The purpose of this paper igs to identify an optical wave-
guide which has a good chance for meeting the Army's requirements
for a radiation-hardened fiber-optic communication system. To
accomplish this goal we have carried out an experimental research
program on a wide variety of commercially available optical wave-
guides and research prototypes. Glass~clad, high-silica fibers,
suitable for 1long-length telecommunications applications, were
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studied. The first step consisted of evaluating the ionizing radi-
ation sensitivity of commercially available glass-clad fibers as a
function of fabrication procedure and dopants. Then, after the
least radiation-sensitive fiber composition and fabrication pro-
cedure was chosen, additional investigations were carried out,
primarily on research fibers, to further reduce the ionizing-
radiation-induced losses. This was accomplished by selecting a
dopant concentration which we judged to have a significant proba-
bility of decreasing the fiber's radiation sensitivity.

Our investigation has shown that the radiation losses
induced in optical fibers can be greatly reduced by a judicious
choice of dopants, by the use of a particular fabrication proced-
ure, and by the wavelength of operation. Recognizing the system
requirements and radiation environments, we have chosen a fiber
which has a good chance of surviving the nuclear ionizing radiation
environment.

II. Fiber-Optic Waveguides

Fiber-optic waveguides are composed of a core material
surrounded by a cladding material. The refractive index of the
core is always greater than the cladding. Transmission of the
optical signal is achieved through light gqguided in the core because
of internal reflections at the core-cladding interface. Current
glass-clad fibers are made from silica (Si02), whose index of
refraction may be raised or lowered by doping with various impur-
ities. Typical index raising dopants include germanium, phosphorus
and cesium, and are found in the core. Index lowering dopants
include boron and fluorine and are found in the cladding. Several
fabrication procedures have been devised to fabricate doped-silica
optical fibers with low losses. These include the inside vapor
oxidation process or modified chemical vapor deposition (MCVD)
process, the outside vapor deposition process, the modified rod-in-~
tube (MRT) process, the plasma-activated process, and the phase-
separable process. The signal bandwidth of a fiber may be con-
trolled by adjusting the index of refraction profile through a
gradation of the core and cladding dopants. Before discussing the
ionizing radiation response of optical waveguides, we describe the
radiation simulation and measurement techniques.

III. Radiation Simulation

The nuclear ionizing radiation was simulated using a 60Co
air source (located at the Harry Diamond Laboratories). The losses
induced in the fiber were measured during irradiation (i.e., in
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situ) when the source was brought out of the pool. The annealing
of the losses was continuously monitored following the irradi-
ation. Measurements of the losses were carried out over a tempera-
ture range from =77 to 100°C; this temperature range includes the
military operating range. Measurements were made at wavelengths of
0.8 to 1.3 um , which includes the range under consideration for
operation of fiber-optic communication syetems. The radiation dose
was obtained using CaF, thermoluminescent dosimeters. The radi-
ation effects data obtained on a wide variety of optical wavequides
is discussed in the next section.

Iv. Fiber Radiation Data

Fabrication Technique and Dopant Dependence

The losses induced at 0.8 um in a low-loss, commerically
available, Corning Glass Works (CGW) fiber from in-situ Co radi-
ation are shown in figure 1, as a function of ionizing dose and
temperature. The fiber was fabricated by the standard outside
process; the core was doped with germanium and boron, and the clad-
ding with boron. As can be seen, the losses induced increase dra-
matically as the temperature is lowered: the induced losses are
more than a factor of 20 smaller at room temperature then at low
temperatures (-50°C). The temperature dependence of these curves
can be described by a thermally activated diffusion process with an
activation energy of 0.55 eV (2). Previous experimenters concerned
themselves with measuring the room-temperature radiation response
(3,4). Figure 1 shows that at -50°C the losses for a dose of 200
rad(Sioz) are in excess of 400 dB/km; at room temperature, the
induced loss is less than 20 d4dB/km. These data point out the
importance of measuring fiber radiation response over the entire
military temperature range. The annealing of the induced losses in
this fiber is shown in figure 2. The radiation dose was 2000
rad(si0,). Again, the losses increase as the temperature is
decreased. At 1000 s after Co irradiation, the losses are in
excess of 200 dB/km at -50°C; at 22°C the losses decrease to less
than 10 dB/km. These data illustrate that if optical communication
systems are to be operational at low temperatures typically found
in military applications, as well as in radiation environments, a
means must be found to reduce the large losses that occur below
room temperature.

Figure 3 shows the losses induced from in-situ 60Co irrad-
iation as a function of ionizing dose in a CGW fiber doped with
germanium, boron, and phosphorus in the core and fabricated by the
standard inside process. Here it is sgseen that the temperature

225




*SHARE & WASILIK

dependence of the losses at low temperatures (<-30°C) is reduced
compared to the previous fiber (in Fig. 1): this is attributed to
the addition of the phosphorus. The losses at 2000 rad(8i0,) are
approximately 300 dB/km at -50°C and are about six times smaller
than in the previous Ge-B-doped fiber fabricated by the outside
process. The annealing of the induced losses is shown in figure
4. A similar temperature independence is obhserved here as in the
in-situ radiation experiments.

These results demonstrate that the radiation response of
fiber-optic waveguides over the miliary temperature range depends
on dopant composition and waveguide fabrication techniques. For
this reason similar radiation measurements were performed on other
commercially available optical waveguides, having a wide range of
dopants and standard industry fabrication procedures (5). The
fibers are listed in Table I, along with vendor, core dopant, clad-
ding dopant, and fabrication procedure; the intrinsic loss and
bandwidth are listed in Table II. The CGW fibers have been dis-
cussed. The International Telephone and Telegraph (ITT) fiber
contained phosphorus and germanium in the core and was fabricated
by the inside progess. The Times Wire and Cable (TWC) fiber,
Valtec (VAL) fiber and the Dainichi~Nippon Cables (DNC) fiber have
silica cores with boron and/or fluorine in the cladding. They are
fabricated by the outside, plasma-activated, and modified rod=-in-
tube (MRT) process respectively. Also listed is a Canstar (CAN)

fiber fabricated by the phase-separable technique. Several
research fibers (BTL and HRL) are listed and will be discussed
later.

Figures 5 and 6 show the losses induced at 0.8 um in the
commercially available fibers from 200-rad(Si02) %&;situ Co
irradiation and at 1000 s following a 2000-rad(si0,) Co irradi-
ation as a function of temperature. The CGW and TWC fibers, both
fabricated by the outside process, show large losses at low temper-
atures for both measurement conditions. The losses induced in the
fibers containing F (i.e., Valtec and Dainichi-Nippon) showed large
losses at low temperatures in the 1000 s recovery experiment. The
phase~separable Canstar fiber has losseg nearly similar to the P-
doped ITT fiber at 1000 s following the 60co radiation, but the in-
situ 6000 induced losses are considerably lower in the ITT fiber
than in the Canstar fiber.

*
The F-doped Valtec fiber was manufactured from a llereaus-Amersil,
Inc. preform. 1
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Figure 1. Induced loss at
0.8 ym in CGW Ge-B-SiO2 fiber
from in-situ 60Co irradiation at
various temperatures. The Co
dose rate was 95 rad(SiOz)/s.
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Figure 2. 1Induced loss at
0.8 um in CGW Ge-B-S51i0, fiber
versus time after 2000
rad(sio,) Co irradiation at
various temperatures.
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Table 1.

R

Fiber Composition and Fabrication Procedurs

T Pabrication

Vendor | Composition
- Core Cladding | Procedure
|
t
CcGW Ge-B-510, B~810, : Outside
CcGW Ge-P-B-S10, B~840, ‘ Inside
7T Ge~P-S10, B~8i0, . Inside
DNC 810, B-F-810, MRT
TWC 3102 !~8102 Outside
VAL 5102 r-sxo, . Plasma-Act.
CAN | cs-si0, doped-s10, Phase-Sep.
!
BTL | Ge-P-$10, B~8i0, ! Ingide
i |
1
HRL Ge-P-5§i0, B~810, L Inside
Table II. Optical Characteristics of Fibers

Intrineic loss

Bandwidth (3483)

Vendor at 0.82 um for 1 km length
(4B/km) (MHz)
CGW 5 270
[ole 1} 4 220
ITT ~5 150
DNC ~3 800**
T™C ~4 200
VAL ~3.5 45
CAN ~17e 15
BTL ~6 ded
HRL ~10 -

*at 0.89 um

**G 4B
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Figure 5. Induced loss at

0.8 ym in several fibers from
200 rad(sif,) in-situ Co
irradiation at various tempera-
tures. The elements in paren-
theses are cladding dopants.
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FPigure 6. Induced loss at

0.8 uym in several fibers at
1000 s following 2000 rad(si0,)
irradiation at various tempera-
tures. The elements in paren-
theses are cladding dopants.

These results suggest that a Ge-doped fiber containing
phosphorus and fabricated by the MCVD process (inside process)
could yield a fiber with a low radiation sensitivity. 'To further
explore this, several Ge-doped fibers with different phosphorus
content were examined. Fiqures 7 and B compare the losses induced
at 0.8 um in several P-doped fibers from 200~rad(si0,) in-situ Co
irradiation and at 1000 s following a 2000~rad(Si0,) irradiation.

The Bell Telephone Laboratories

(BTL) and Hughes Research Labora-

tories (HRL) fibers are research fibers; the ITT fiber was shown

previously (in Fig. 5 and 6).

These fibers were all fabricated by
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Figure 7. Induced loss .
at 0.8 um in Ge-P-Si02 Figure 8. Induced loss at 0.8 um
fibers from 200 rad(SiO,) in Ge-P-5i0, fibers following
in situ ®0co irradiation 2000 rad(sil,) ®%co irradiation
at various temperatures. at various temperatures.

the MCVD technique, and had different phosphorus content in the
core. The ITT and BTL fibers had low phosphorus concentration; the
HRL fibers had high phosphorus concentration. All the fibers had
similar germanium content in the core except the BTL fiber which
had somewhat more. The cladding of these fibers was all doped with
boron. The intrinsic losses (at 0.8 um) of the BTL and HRL fibers
were 6 and 10 dB/km; the ITT fiber was 5 dB/km. The bandwidth of
the HRL fibers' was probably less than that of BTL and ITT fibers
because the HRL fibrrs have a layered index profile (e.g. step or
W)(6) while the ITT and BTL fibers have graded index profiles.
From figure 8, we can see that the HRL fibers show much lower
induced losses at 1000 s following 0Co irradiation than the ITT
and BTL fibers: the losses induced in the HRL fibers were more
than a factor of five less than those observed in the ITT fiber
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over the temperature range of the measurements. The losses meas-
ured during 200-rad(si0,) ®%co irradiation (in Fig. 7) show the
reduced sensitivity of HRL fibers compared with the ITT fiber.
This becomes more apparent as the temperature is increased.

These data show that a Ge-doped fiber with a high phos-
phorus content has an improved radiation response, especially in
recovery from the induced losses following irradiation, compared
with low-phosphorus~content fibers. However, these fibers also
have different index profiles. Whether this plays a role in the
radiation response of these fibers is under investigation. At any
rate Ge-doped fibers manufactured by the MCVD process and with a
high phosphorus content show the lowest radiation sensitivity of
the fibers evaluated.

Wavelength Dependence

In general, the radiation response of glass and optical
waveguides depends on wavelength. The spectral dependence of the
radiation losses induced in the low P
1.0 BTL fiber and the high P HRL fiber is
?\ oGe-P-Si0; LOW P shown in figure 9. The losses are
L x Ge-P-Si0; HIGH P given relative to 0.8 um in the
| wavelength range from 0.8 to
' 1.06 um. The radiation dose was 2000
O.GL u rad(8i0,); the radiation temperature
‘3\ was 22°C. As seen, the induced
® losses tend to decrease as the
04} A wavelength increases from 0.8 to
h2S 1.06 um. Similar results were
~ observed at other temperatures. Data
02+ A taken at longer wavelengths (1.3 um)
on the high-phosphorus content Ge-
. L N doped fiber revealed that losses
00,8 0.9 1.0 11 increased beyond 1.06 uym and were
WAVELENGTH, ym simi}ar t-:o those observed'at 0.9 um.
Considering only the fiber, these
FPigure 9. Spectral depend- results indicate that the most desir-

08

INDUCED LOSS (RELATIVE)
//

ence of induced loss for able wavelength for operation in a
Ge-P—SiO2 fibers. The radiation environment is at 1.06 um.
radiation dose was 2000 However, consideration must be given
rad(Si0,); the radiation to other system characteristics (sec.

temperature was 22°C. v).
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V. Discussion

The fiber-optic response data shows that a high-
phosphorus~content Ge~-doped waveguide fabricated by the MCVD tech-
nique gives the lowest radiation response of the fibers measured.
Selection of the optimum operating wavelength depends not only on
the fiber radiation response but also on other system parameters.
These include emitter output, receiver sensitivity, component
degradation, and the intrinsic preirradiation losses of the
fiber. From the spectral dependence of the radiation response data
in figure 9, it appears that operation at long wavelengths,
especially at 1.06 um, would be beneficial. However, the emitter
and detector performance must be considered. It is desirable to
use an emitter with as high an output power as possible. Currently
GaAlAs lasers operating from 0.8 to 0.89 um yield the highest out=-
put power. For wavelengths beyond 0.9 ym to 1.06 um, light-
emitting diodes (LED's) are used primarily because lasers operating
in this regime at present have short lifetimes. Approximately 15
dB more power can be coupled into a fiber with a 0.8 ¢to
0.89 ym laser emitter than with an LED emitter at 1.06 um. The
sensitivity of silicon photodiode detectors wused in optical
receivers also decreases at longer wavelengths. Even though the
1.06-um fiber radiation losses are less than those occurring at
shorter wavelengths, the reduction is not enough to_ offset the
superior performance of the 0.8 to 0.89 ym emitter and receiver
components. Therefore, within current emitter and detector
technology, and taking into account that the fiber radiation
response decreases as the waveleng